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SYNOPSIS 
The diffusion of electrolytic hydrogen through membranes of 
pure iron,· and two iron-·ca.rbon alloys has been investigated. In the initial 
experiments diffusion coefficients for electrolytic hydrogen in iron membranes 
have been obtained using a refined time-lag technique a Results showed an 
initial fast diffusion followed by a secondary slower stage. The initial stage 
yields diffusion coefficients which agree closely with extrapolated high 
temperature values (2 to 5. 5 x 10-5 cm2 sec-1 ); the s_,cond stage yields 
considerably lower coefficients (1 to 3 x lo-6 cm2 sec ) which vary with 
membrane thiclmess. Results indicate the formation of a barrier to hydrogen 
flow as diffusion proceeds. Calculation of the effective barrier thiclmess 
enables the correction of apparent coefficients reported in the literature and 
quantitatively predicts the anomalous thickness effect. 
Further experiments using a more sophisticated experimental 
technique yield electrochemical constants for the ｾｹ､ｲｯｧ･ｰ＠ discharge and entry 
mechanism (transfer coefficients o(..l = _ !. and o!.-2 ===. ;z). Overpotential · 
measurements indicate that the barrier may!' be ｩ､･ｮｴｩｾｷｩｴｨ＠ the formation of 
adsorbed hydrogen on the m.e:mbrane surface. Reaction of oxygen with the 
adsorbed layer is responsible fqr occurrence ｯｾ＠ the secondary diffusion effect. 
The temperature ､･ｰ･ｮ､ｾＺｯＺ｣･＠ _of the diffusion coefficient and 2 _1 permeability has been determined as: ·_ ｾｮＺ］＠ 4. 91 ｾ＠ 10 4 exp (- 1450/RT) em sec 
d rl. -·3 !' 2 -1 an 'P = L. 3 x 10 exp (- 5600 RT) em sec , respectively. · 
Diffusion coefficients determined under the conditions of 
polarisation were found to vary with the overpotential and this therefore yields 
data. on forced ､ｩｦｦｵｳｩｯｮＨｾ］＠ - 4o 25 x 104 cni2/sec/volt). From the value of 
mobility an. attempt has been made to calculate the charge of the diffusing ｳｰ･｣ｩ･ｳｾｯＮ［＠
Permeation results indicate that in the absence of an adsorbed 
layer, the electrolyti.c hydrogen enters the metal in the same elementary .form(trr ac"'t 
in which it is discharged. The mechanism w·as found to change ':vith time and 
with the overpotentiaL. 
Adsorption and forced diffusion allows a satisfactory explanation 
of the detailed variation of d.iffusivity and permeation with overpotentialo 
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1., 
INTRODUCTION 
The interest shown in the Iron-Hydrogen system stems primarily 
from the practical importance of the embrittling effect of hydrogen on steels. 
Detailed investigations of the diffusion and permeation of hydrogen through 
membranes to date have not clarified the behaviour of hydrogen since two 
values for the diffusion constant are often found at a given temperature, and 
there appears to be a dependence of the diffusion coefficients on membrane 
thickness, whereby a decrease in thiclmess produces progressively lower 
diffusion coefficients. Paradoxically high permeation values are obtained 
Wlder the same conditions. 
Attempts to determine the state of hydrogen in the iron lattice have 
led to indefinite results there being no conclusive evidence for a positively 
charged ion moving under externally applied potentiaL Neither are precise 
solubility figures available especially for the temperatures at which 
embrittlement occurs Ｈｾ＠ 150° C). Various 'traps' have accordingly been 
postulated to relate the anomalous solubilities with the anomalously low 
diffusion constant obtained at lower temperatures. 
The present research was initiated to correlate these many divergent 
effects., It was felt that diffusion experiments would be the most suitable 
starting point for a study of this wide field, and that membranes would be a 
suitable means for ｾｵ｣ｨ＠ investigations, since conditions on both sides of such 
membranes could easily be imposed, varied and determined. In view of the 
many variables involved it was felt that a thorough analysis of the behaviour of 
a P'llrified iron should act as a starting point to the subsequent analysis of ｴｨｾ＠
effect of carbon additionso 
, .. 
SECTION L LITERATURE REVIEW 
L 1 Introduction 
The literature published with regard to the diffusion of hydrogen in 
iron and steel falls into a number of general categories: 
2. 
(a) High temperature diffusion relating to the gaseous state of hydrogen. 
(b) Low temperature diffusion; chemical electrochemical and surface 
effects and corresponding anomalous diffusion behaviour. 
(c) Applications of general theory of diffusion and interstitial diffusion 
to the experimental results. 
(d) Physical, chemical and physico-chemical manifestations and after 
effects due to hydrogen diffusion .. 
(e) Embrittlement; rheological and other physico-metallurgical aspects. 
These diverse aspects have been well reviewed by Smialowski (1) in 
1962, but publications on this subject now stand at around 2000 references (157). 
Such a profusion of published literature makes it impossible to give a complete 
review and an endeavour has been made to review only the most relevant aspect 
of the subject: the diffusion phenomena with the associated solution, electrolysis, 
and metal composition variables, together with evidence for the state of ｨｾ､ｲｯｧ･ｮ＠
in iron and steeL 
1.. 2 The Iron-Hydrogen System 
1. 2.1 The Fe/H phase diagram 
The solubility of hydrogen in iron falls sharply with temperature being 
-4 0 -5 0 -8 
· 2 x 10 atoms H/atom Fe at 900 C, 2 x 10 at H/at. Fe at 400 C and 3 x 10 
0 
at H/at. Fe at 25 C (2) .. 
An Arrhenius plot of the solubility produces reliable data down to 400°C 
(ref.l). Below this temperature a positive departure from a straight line has been 
observed indicating abnormally high solubilities (3) . Geller and SWl (4) proposed 
a quasi-binary phase diagram for Fe+3% Si/H in which the solubility of hydrogen 
in ｴｨ･ ﾷ ｾｬｬｯｾｮ＠ falls sharpiy from approximately 0. 020 at% at 900°C to 0. 0025 at 
400°C. These limits are then superceded by a tWo-phase region in which a 
"fl -phase" exists in addition to the solid solution. Some evidence as to the validity 
of these assumptions was demonstrated by Tetelman and Robertson (5) on the basis 
of the length of cracks developed in the hydrogenated alloy, after quenching from 
high temperatures. The total length of crackskm2 increased with increase in 
temperature of treatment and was proportional to the ''supersaturation'' predicted 
by the ｨｹｰｯｾｨ･ｴｩ｣｡ｬ＠ equilibrium diagram. The existence of i·,ac " f)' -hydride", which 
would ｣ｯｲｲｾ Ｚ ｾｰｯｮ､＠ to the second phase of the equilibrium diagram has been postulated 
by Smialowsld on the basis of morphological evidence after prolonged charging with 
electrolytic hydrogen. The prolonged charging resulted in an external zone with open 
blisters which was regarded as being due to iron supersaturated with hydrogen in the 
form of the "f1 -phase." Next to this was a zone with gas pockets adjacent to an 
internal zone free from blisters and said to be ilnpregnated with the diffusible hydrogen 
4. 
As yet there is no direcj proof for the existence of a hydt:ide although metastable 
hydrides have been observed in stainless steels by Szumer (36) and others (37) 
(38). According to Hewitt (6) a true solid solution of hydrogen in o<...-iron is 
possible only above;-' 130° C. Below this temperature the solubility is con-
sidered to be extremely low, and the iron and steel quenched to this region 
develops cracks as a result of precipitation of hydrogen into the lattice 
imperfections. Hewitt based his conclusions on the occurrence of embrittle-
ment of iron and steel below this temperature as well as absence of internal 
friction peaks due to interstitial hydrogen in samples charged from the gaseous 
phase at elevated temperatures, and quenched to retain the hydrogen. 
As yet no clear picture of the Fe/H phase diagram can be deduced 
from the literature, the most important question left open being why should 
there be a solid solubility change at about l50°C. 
1. 2. 2, The state of hydrogen in iron and steel 
In discussing the diffusivity, solubility and permeability of hydrogen 
it is generally assumed that the diffusing species in the lattice is an atom. 
This assumption is based on the behaviour of gaseous hydrogen with respect 
to oL -iron in accordance with Sievert's law. It is generally considered that 
the applicability of a square-root relationship indicates dissociation of the 
diatomic molecules during dissolution into atoms which enter the metal surface. 
Bodenstein (7) has concluded that the permeation of electrolytic hydrogen through 
iron membranes is in the atomic state based on the demonstrati'on1 that the 
emerging hydrogen was capable of reacting with nitrogen and oxygen; this would 
not have been possible if the hydrogen had been in the molecular state. 
5. 
Other evidence for atomic hydrogen is given by several authors (8) (12) (13) (14) 
(1.8) • Such atomic hydrogen is considered by de I{azinczy (9) to pass easily to 
pre -existing lattice defects and combine there to form molecules. The 
possibility of hydrogen precipitating in this way has been shown in several 
other investigations (3) (6) (1.1). 
Guntherschulze, Betz and Kleinwachter (8) demonstrated that a high 
voltage discharge through a rarefied hydrogen atmosphere caused passage of 
hydrogen through an iron cathode membrane. The rate of passage through 
thin membranes was as high as the velocity of protons in the discharge tube. 
From two largely differing diffusion coefficients obtained, the authors 
-5 -5 2 
concluded that the fast diffusion (5 x 10 to 11 x 10 em I sec) was due to 
protons, and the slower (8 x 10-6 em 2 /sec) due to atomic hydrogen. Evidence 
for the existence ·of protons in the o{. -iron lattice is given in conclusions to a 
nwnber of investigations (1.2) (15) (16) (17) (19) (20). 
Some authors consider the existence of protons as such in the iron 
lattice as unlikely and prefer to treat them as protons screened by an electron 
cloud (11) (21). Lakomskii (12) considers the positive ions to be only partially 
ionised, with the hydrogen electron in a state of oscillation between the proton 
and the partially filled 3d sub-shell of the iron. This conclusion was based 
on an experimental ｾ｡ｴｨｯ､･＠ directed drift of hydrogen Wlder an externally 
applied potentiaL Further evidence for this theory was obtained by the same 
investigator by alloying the iron With aluminium and silicon, added in such 
proportions as to fill the 3d sub-shell with electrons. 
6. 
Anode directed diffusion was observed in case of the alumini'lllll alloy 
which can be regarded as evidence for effectively negative hydrogen ion. 
Hydrogen in. this case is considered to act as an acceptor of an electron. 
In case of the silicon alloy presence of both the negative and the positive 
hydrogen was confirmed, due to the evolution of hydrogen at both ·electrodes. 
Further evidence for the negative hydrogen in or on iron is given in other 
references (17) (19) (22) (23) (24). 
The possible presence of a hydrogen ion molecule (H;) has been 
reported by Suhrmann et al. (25) for ｩｲｯｮＺｾ＠ and positively identified on 
nickel by Lichtmallll, l{irst and McQuistan (26). 
The presence of methane has been reported in steels and other 
iron alloys by Grdina (29) and by other investigators (30) (31) (32) (33). 
It must be added that methane seems to be mostly present in decarburised 
steels and associated with lattice imperfections and not the lattice itselfo 
The experiments of Naeser and Dautzenberg (54) and Harhai et al. (57) 
designed to detect the formation of methane in mild steels produced 
negative resultsD 
The presence of compounds has been reported by several authors. 
Owe Berg (34) postulated the formation of epsilon carbide (Fe2C-H); other 
unspecified compounds ha.ve been reported (3) (35), on the basis of the high 
energy required to break the hydrogen away from the steel. It must be 
emphasised that the presence of these compounds is associate.<:} 1nainly with 
impurities in the steels, rather than the iron atoms, unless the latter are 
combined with the impuritieso The various forms of hydrogen in iron and 
steel traced in ｴｨ･ｾ Ｚ ｬｴｴ･ｲ｡ｴｵｲ･＠ are presented in Table I. 
L, 2. 3 ｃｲｹｳｴ｡ｬｬｯｾ｡ｰｨｩ｣＠ location of hydrogen in iron 
From X-ray measurements Plusquellec, Azou and Bastien (39) 
concluded that at ambient temperatures the hydrogen resides preferentially 
along (112) planes in tetrahedral intersticeso This conclusion was based on 
broadening of the (112) spots on Laue patterns of hydrogen charged steel. 
Experiments performed by Tetelman, Wagner and Robertson (46) showed 
7. 
the same degree of broadening of the Laue patterns, whether the metal was 
charged with hydrogen or deformed in tension by 5%. These authors therefore 
concluded that X-ray patterns offered no evidence for the preferential location 
of the hydrogen in the tetrahedral interstices. The tetrahedral sites apply to 
what might be termed as the "immobile hydrogen. " 
"Mobile" hydrogen is considered by Ferro (10) to diffuse along a 
path defined by the octahedral intersttceso The theoretically predicted low 
elastic strain associated with such diffusion has been confirmed recently by 
Bryan and Dodge (40) for the elevated temperature diffusion, and for diffusion 
at ambient temperatures by Beck, Bockris, McBreen and Nanis (41). Good 
agreement was also obtained between the experimentally determined pre-
exponential diffusion constant, and its counterpart, theoretically evaluated 
from the entropy of activation and the thermal coefficient of elastic modulus 
(60), (Table 22). 
The idea of hydrogen permanently residing in the iron is said to be held 
in "traps" was first postulated by Darken and Smith (42) , and subsequently 
confirmed experimentally by Keeler and Davis (43) and later by other workers (44) 
(45) (48). There is evidence available that one of these traps can be identified 
with dislocations in or near which the hydrogen is held as protons (15) or in atomic 
or molecular form (47) (48) (49) (51) ; theoretical considerations of Hill (3) and 
Farrell (50) refute such interactions. 
' • i 
I 
8. 
Adsorption of hydrogen by iron 
The adsorption of hydrogen on activated lron powders has been studied 
by Emmett and Harlmess (53); these authors found tvvo types of adsorption, one 
mode operating up to 90°C and the other above this temperature. Porter and 
Tompkins (55) confirmed the adsorption and found that at low temperatures 
it predominated over the absorbed hydrogen., The adsorption of hydrogen onto 
the internal surfaces of cold worked iron and steel and its effect on the 
Ｈ･ｾ｢ｲｩｴｴﾷｬ［［･ｾ＠ ｨｾ､ｲｯｧｾＡＡＩｨ｡ｳ＠ been discussed by Hill and Johnson (44)., 
A large occlusive capacity for hydrogen was found in steel following 
various heat treatments and degrees of deformation by Harhai, Visvanathan 
and Davis (57). The authors reported that the ｯ｣｣ｬｵｾｩｯｮ＠ was exothern1ic, and 
reversible down to 200°C only; it was demonstrated that the mode of storage 
of hydrogen inside the alloy was through chemisorption by active internal 
surfaces., Silnilar observations have been made by Naeser and Da.utzenberg (54) 
and Hancock and Jolmson (58)., 
Hydrogen can also be adsorbed on an iron cathode during the 
electrolytic charging (52) (56). Matsuda and Franklin (52) identified such 
adsorbed layer from three peakfs obtained during anodic desorption from 
surfaces, previously cathodically polarised. Peak due to the hydrogen that 
could be de sorbed first was proved to be hydrogen residing on the metal surface. 
ｾｺｴＩ＠ . afi(.& OYC (l.d 
Mignole"t;(has demonstrated that hydrogen in the ｾ｢･､＠ state exhibits 
a negative polarity with respect to all metals and has deduced that such adsorption 
is covalent in nature.. The hydrogen supplies an electron and an orbital to the 
｢ｯｮ､Ｚｾ＠ while ·the adsorbing site supplies a vacant orbital and the second shared 
electron comes from the highest occupied level of the conduction band. 
9. 
This required excitation of an electron from the conductivity band into the vacant 
ｯｲ｢ｩｴ｡ｬｾ＠ causes an outward displacement of electrons and a lowering of the 
h;ighest occupied level and consequently an increase in the work functiono 
This in turn accounts for the negative sign of adsorbed hydrogen filmo 
Evidence for the negative nature of adsorbed hydrogen has also been found by 
Baker and Ridea.l (23) and others (24) (95) o 
1. 3 The Theory of Hydrogen Diffusion in «--Iron 
I. 3.1 Diffusion mechanism 
The diffusion coefficient D may be expressed as follows: 
D = D 
0 
exp ( - QD/RT) 2 -1 em sec (1) 
QD = activation energy for diffusion (cal/mole) 
2 -) D = fundamental frequency factor (em sec 
0 
R = gas constant ( calf>K) 
T 0 = absolute temperature ( I{) 
QD corresponds to the excess energy necessary for the diffusing particle to 
overcome the potential barrier separating two intersticial cavities of the 
solvent lattice. In their general theory of interstitial diffusion Wert and 
Zener (60) considered that the activation energy is associated with the strain 
energy of the lattice as a result of distortion induced by the interstitial atom 
around the octahedral positions (! 0 0).. A similar assumption was made by 
Ferro (10) for the diffusion in b. c .. c. lattice. Thus, during a jump from one 
position to another, the atom is regarded to force apart two lattice atoms 
·residing between the two octahedral sites by an amount equivalent to the difference 
between the diameter of the diffusing atom and the height of the cavity.. The energy 
consumed in this operation is dissipated in distorting the adjoining atomic 
arrangement and is equivalent to the activation energy for the diffusion process. 
Using this simple model, an activation energy of 1300 cal/mole was predicted 
for the diffusion of hydrogen (assumed OCt 30 R in radius) in the ot-iron. 
The pre-exponential frequency factor D for the diffusion in 
. 0 
a b. c. c. lattice was evaluated theoretically by Wert and Zener (60) in form 
of the following equation: 
D 
0 
v 
a 
.6.8 
R 
= 
= 
= 
= 
= 
the frequency of vibration of the solute atom 
in an intersticial position 
lattice spacing 
entropy of activation 
gas constant 
(1. a) 
The entropy of activation was found to be related to the coefficient {1 /T m of 
the ､･｣ｲｾ｡ｳ･＠ of elastic modulus with temperature as follows (1.0) (60): 
AS 
(I = 
Q = D 
T = 
m 
coefficient of variation of elastic modulus with 
temperature 
activation energy for diffus:OOn 
melting point of the metal (0 1{) 
0 
.....__ ____ __..;.. _______________________ -- - -----
(1. b) 
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The frequency V has been evaluated by th:e authors as being: 
v = (1. c) 
a = lattice spacing 
m = mass of the interstitial atom 
If QD and P are ｫｮｯｷｮｾ＠ the D 
0 
can be evaluated. Satisfactory results were 
obtained by Ferro for several interstitial solid solution, except for the Fe/H 
system. 
Hill (3) assumed that the entropy of activation was zero, and 
-3 2 -1 
calculated the D as being 1. 6 x 10 em sec , a value which is very close to 
0 
-3 2 -1 
a figure of 1..4 x 10 em sec determined experimentally. 
Becket al. (41) experimentally confirmed the theoretically predicted 
, 
ｾｶ｡ｬｵ･＠ of Ferro in the range 25 - 90°C. It was also found that their '1> of_ 
1330 ··cal/ mole substituted in equation (La) gave the D as 9. 2 x 10-4 em sec 1, 
. 0 
which agrees fairly well with its experimentally evaluated cotn1terpart of 
-4 2 -1 6 x 10 em sec . The theory of Wert and Zener was found to make the closest 
prediction when compared with other theories. Results of Bryan and Dodge (40) 
show that the model also holds even at the elevated temperatures. 
The theoretically predicted and experimental values obtained from 
J 
the literature are given in Table ＲｾＮ＠
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FIG.l. THEORETICAL TIME-LAG CURVE (SCHEMATIC). 
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1. 3. 2 Basic mathematics of the time-lag method 
The technique most frequently employed in the determination 
of the basic diffusion parameters Ｈ､ｾｦｾｳｩｶｩｴｹ＠ and permeability) of hydrogen 
in iron and steel is the time-lag method. This method derived by Dayness (61) , 
was first used on hydrogen in iron by Barrer (62). It is based on measurements 
of the time taken to attain a constant rate of flow through a membrane, with one 
side of the membrane exposed to a source of hydrogen (either gaseous or 
electrolytic) and the other exposed to a pre-evacuated system. Changes in 
concentration gradient take place Wltil the attainment of steady state conditions. 
Measurement of the pressure rise in the vacuum side of the system yields 
characteristic curves of the type shown schematically in Fig.l. The value 
of the intercept (t ) , on the time axis allows the calculation of the diffusion 
0 
coefficient, D cm2 sec -l, from the following equation: 
D = 
= 
= 
2 -l (em sec ) 
2 -1 diffusion coefficient (em sec ) 
thiclmess of the membrane (em) 
(2) 
D 
d 
t 
0 
= time required to establish constant flow (sec.) 
The rate of hydrogen flow (permeation) can be obtained from the linear portion 
of the time-lag curve, and from the lmowledge of geometry of the diffusion cell. 
This method has been derived independently by Rogers;· Buritz and Alpert (63) 
for the study of the diffusion of helium through glasses and applied to the iron-
hydrogen system by Eschbach, Gross and Schulien (64). Rogers et al. deduced 
their equation from Fick's law of diffusion by assigning to it conditions to meet 
the non-steady state flow and boundary requirements. The following formula was 
obtained for pressure ｾ｡ｴ＠ any time t when the pressure rise with time becomes 
linear: 
p 
A 
D 
v 
d 
PI 
d2 
(t ---) 6D (3) 
= pressure on the vacuum side in time.!. (sec) 
2 
= area of the membrane (em ) 
= diffusion coefficient (em 2 sec-) 
3 
= volume of the collecting system (em ) 
::::: thickness of the membrane (em) 
= pressure of the gas on the high pressure side * 
d2 
The term 6D has dimensions of time (sec) and can be equated to t0 , the t_ime 
required to establish the constant rate of flow (i .. e .. the intercept on the tin1e ｾｾｩｳＩ＠
t = 
0 
or 
By putting ·: t =€ o in equation (3), the following relationship is obtained: 
s = 
*Footnote: 
6V 
Ad X 
(equivalent to constant current density if electrolytic hydrogen used) 
L..,_ _______________________________ .. . . . 
(2) 
(4) 
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where p is the intercept which is obtained if the steady state line (c. f. fig. I) 
0 
is extrapolated to meet the pressure axis. This is a convenient method of cal-
culating the solubility, provided p1 is known (which is not the case when 
electrolytic method of hydrogen supply to the membrane is employed). It 
is evident from equation (3) that the solubility S is being expressed in 
em 
3H/cm 3Fe which is dimensionless. The diffusion parameters form the 
following relationship: 
= D S 
¢ = permeability (em 2 sec-) 
D = diffusivity (em 2 sec-) 
s = solubility (em 3H/cm 3Fe) 
(5) 
Since S is dimensionless then both ¢ and D should have the same dimensions 
(cm2sec -)a 
Mathematical analysis of the time-lag method for cylindrical 
geometry is given by Veysseyre, Azou and Bastien (67). 
1. 3. 3 Logarithmic representation of the time-lag curve 
By further analysis of the time-lag method Rogers et al. derived 
a linear representation of the initial portion of the standard curve (Fig. I): 
In t! dp = X dt 
y = 
k X 1 t 
C - m x X.. 
(6) 
(6. a) 
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FIG.2. LOGARITHMIC METHOD OF ANALYSING THE TIME-LAG DATA 
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A plot of ｾ＠ vs. X , yields a straight line of slope m. D can then be 
calculated from the relationship: 
D = 1 
m 
2 -:.-1"' (em sec ) '\ (7) 
The linear representation allows an accurate check of the simpler graphical 
extrapolation and also confirms whether the experimental curve pressure/time 
is accurately represented by equation (2 or 3), ｾｳ＠ any anomalies result in 
departure from linearity. An example of data replotted according to this 
method is given schematically in Fig. 2. 
1. 3.4 The rate transient method 
A third approach is the method of Davanathan (65) and of 
Nanis and McBreen (66) who consider the time-lag curve represented as a 
rate transient as shown schematically in Fig. 3. 
From the initial portion of the curve it is possible to obtain the 
diffusion coefficient using the following relationships: 
6t 
0 
(2) 
where. t 
0 
is the time required for the permeation Ｈｾｬ＠ to attain 63% of the 
steady state value (J.:o ) ; this time is the same as the classical time-lag. 
Nanis and McBreen give a more accurate method of calculating 
the diffusion constant from the relationship: 
20. 
[- . (!1 (8) 
Jt and Jt = rate of pressure change ＨｾｦＩ＠ at time 
1 2 t1 and t 2 respectively 
v 
d = thickness of the membrane (em) 
D = diffusion coefficient (cm2sec -) 
The steady rate of permeation can also be evaluated from the initial portion 
of the rate transient by using the following relationship: 
Jt = 2 1 ＨＭｾ｢Ｉ＠JoO J7l X 6! exp (9) 
ｏｾｴｾＰＮＵ＠
Jt = ＨｾＺＱ＠ = rate of flow at any time 
v 
JoO = ＨｾＩ＠ = steady rate of flow 
v 
Dt Ｈｾ＠ dimensionless para1neter which ,....._ = -·---t d2 
can be determined independently) 
Thus equation (9) allows the calculation of the steady rate of flow from the initial 
portion of the rate ｴｲ｡ｮｳｩ･ｮｴＺｾ＠ which is very valuable where the full curve has riot 
been ｣ｯｭｰｬ･ｾ･ｬｹ＠ detern1ined. 
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· The steady rate of flow, Jco , can easily be converted into 
3 -2 -1 permeation, P (em em sec ) from the knowledge of voltune of the collecting 
system and area of the membrane through which the flow takes place. 
Determination of the concentration · 
Once the diffusion coefficient, D, and the permeation, P, have been 
determined, the concentration of hydrogen on the input side of the membrane, 
a can be calculated from the relationship: 
o' 
p = 
DC 
0 
d 
p = 
D = 
c = 
0 
d = 
3 
-2 sec-) permeation (em em 
2 -) diffusivity (em sec 
concentration (em 3 H2/ em 
3 Fe) 
thickness of the membrane (em) 
L----------------------------- -- - --
(10) 
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Methods of Hydrogen Introduction 
L4.1 Hydrogen charging from the gaseous phase 
Hydrogen can easi!y enter the iron or steel if brought into contact 
with o(...-iron at temperatures above approximately l00°C. Preferential 
adsorption occurs below this temperature as has been mentioned previously 
(Section 1 .. 2 .. 4).. In the temperature region 100° C to 400° C the rate of 
adsorption is abnormally high, particularly when high pressures are 
employed (3) .. 
The hydrogen content in the metal in equilibrium with the gaseous 
phase is given by the Sieverts law: 
s = 
s 
p 
k 
= 
= 
:::::; 
solubility (concentration) 
pressure 
proportionality constant 
(11) 
In the case of hydrogen this law is obeyed at all pressures above 400 ° C (3) • 
Thus equilibriation at a convenient pressure followed by ·quenching from the high · 
temperature into cold water or liquid air allows the introduction of the required 
amoilllt of the gas .. 
Gillltherschulze et aL (8) have shown that a discharge in an atmosphere 
of rarefied hydrogen where the iron or steel is made a cathode can serve a similar 
purpose, and this method has been used by these authors to determine the diffusion 
coefficients for the Fe/H system at various temperatures.. Guntherschulze and 
Winter (68) noticed that the presence of phosphoric oxide in the discharge tube can 
23. 
increase the throughput of hydrogen; the presence of hydrogen sulphide has 
a similar effect (69). The discharge method can be employed down to the liquid 
air temperatures, but an oxide film must be avoided as these act as a barrier 
to the ingress of hydrogen (8) (64) . 
L4.2 Hydrogen charging by corrosion of the metal surface 
When iron or steel are exposed to corrosive environments such as 
moist air (91) or steam (1) (92), a large quantity of hydrogen can enter the metal 
as a result of corrosion of the metal surface. The amount absorbed varies 
linearly with the square root of time of exposure (13) . The ingress of hydrogen 
can be increased if the metal surface is continuously abraded in presence of the 
corrosive environment, since a fresh metal surface is then continuously 
available (70). Much larger quantities of hydrogen can be introduced by corrosion 
of the metal in certain electrolytes.. In general the lower the pH of the solution, 
the higher is the pick-up of hydrogen (42) and again the square-root relationship 
with respect to time is obeyed. The presence in electrolytes of substances which 
stimulate anodic reaction will increase the total hydrogen intake (92); thiourea in 
acidic media has been fotmd particularly effective. 
L.4. 3 !"lydrogen chargin_g_By cathodic polarisation 
Cathodic polarisation of the metal in both acid and alkaline media is 
the most convenient method for the introduction of desired quantities of the hydrogen. 
This is possible since the method lends itself to strict control as regards the variety 
of electrolytes and the current densities which can be employed. However, the 
presence of catalytic poisons must be carefully controlled as their effect on the 
cathodic processes increases the quantity of hydrogen which enters the. metal. 
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The literature on this subject is very extensive and reference should be made 
to the review by Smialowski (1) , The presence of such elements as As, P, S, 
Se, Te, Sb, Hg, and even Sn, Zn and Cd (usually as free radicals) can increase 
the uptake of hydrogen due to their "poisoning" effect on the hydrogen recombin-
ation reaction at the cathode surface. Some organic substances exhibit a 
similar behaviour (56) (95) (103). 
25. 
1.5 Diffusivit.y 
1. 5.1 Introduction 
The literature dealing with the diffusivity can be subdivided into two 
parts: one dealing with the elevated temperature dnfusion ( 7 400 ° C) where 
agreement between the various investigations is good, and lower temperature 
work where wide discrepancies are reported in results even where obtained by 
siniilar techniques. In the low temperature region the variations are no longer 
in the "factor" region but can be as much as three orders of magnitude. The 
dnfusion coefficients that could be traced in the literature for the pure iron and 
mild steel, both in the annealed state, are presented in Table :J,A. ｡ｾｲＮｴｾｦ＠ ｾ＠ 6 · 
L5.2 ｾｬ･ｶ｡ｴ･､＠ temperature investigations 
Diffusion coefficients of hydrogen in pure iron and mild steels 
obtained in investigations performed above 400°C are in good agreement and 
any discrepancies were found to be due to inaccuracies of the techniques and 
compositional variations of the materials employed. 
s;rface oxidation was found by Eschbach et al. (64) to decrease 
the diffusivity quite considerably in this region (and the lower temperature 
regions) o A decrease in the coefficients has been correlated with higher 
impurity content (4) (64) (78) and it has been well established in these and 
other investigations that all the common alloying elements present in steels 
tend to lower the diffusion constant. 
Using the relationship ¢> = DS (equation 5) Sykes et al. (71) cal-
culated the diffusivity from the permeability and ｾＶｬｵ｢ｩｬｩｴｹ＠ values of earlier 
workers in this field. The general agreement of their calculated values of D 
26. 
with those later determined by Geller and Sun (4) and others (40) (64) (7 2) 
(73) ｾ＠ shows that the measurements of P 11 D and S, would appear to be individually 
reliable and consistent in this temperature region. 
lo 5., 3 Lower temperature investigations 
The diffusion behaviour below 400°C is not uniform and can be 
subdivided into two further regions: 
(a) Anomalous behaviour in the region 150 - 400 ° C. 
(b) Persistent anomalies at temperatures less --than 150°C (which 
is the region where embrittlement occurs) o 
Diffusion coefficients reported for the 150 - 400 ° C region show a large scatter 
(44) and a break has been observed in the Arrhenius plot for annealed pure iron 
at about 200 ° C.. Generally above this temperature the diffusion is consistent 
with the results obtained by several other investigations at temperatures 
exceeding 400° C (70) (72) (73) ｾ＠ (Table 1), and occurs with an activation energy 
of 3200 cal/ mole.. Below 200° C the diffusion has a much higher activation 
energy, namely 7820 cal/ mole.. stross and Tompkins (7 2), who also covered 
the 200°C region, did not observe such a break despite the fact that they used a 
similar technique, (i.. e.. the effusion of hydrogen from cylinders after previous 
charging).. The only difference was that in the latter case the samples were not -
exposed to the atmosphere during transfer from the charging unit to the diffusion 
apparatuso 
Eschbach, Gross and Schulien (64) who covered the whole temperature 
region of anomalous diffusion, (from 50° to 650°C) also found no break in the 
Arrhenius plot of the diffusion coefficients.. However, the time -lag curves obtained 
by these authors, plotted logarithmically to give the straight line (Fig. 3), exhibited 
L------------------------------------ ---
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a dual ｮ｡ｴｵｲ･ｾｾ＠ An ｡ｲ｢ｩｾＱｾ｡ｲｹ＠ assumption that the second branch of the composite 
curves represented the true diffusion mechanism led the authors to calculate 
anomalously low coefficients for low· temperatures, and a resultant high activation 
energy for the process (6400 cal/mole) Ｚｾ＠ on par with that obtained by Johnson and 
0 
Hill below 200 ｃｾｾ＠
In the temperature region below 150°C, a temperature above which 
embrittlement disappears, ｡ｮｾｭ｡ｬｯｵｳｬｹ＠ low diffusion coefficients are much in 
evidence:) and additional .phenomena also occur. Thus ｆｲ｡ｮｫｾ＠ Swets and Fry (10), 
in the region 20 ° to 90 ° C, found two diffusion coefficients for each temperature 
investigated. The higher coefficients, obtained by the so-called "build-up" 
method, showed a similar behaviour to the elevated temperature diffusion 
(above 400 ° C). with an activation energy of 3400 cal/ mole a A "decay" method 
(equivalent to the effusion method) yielded much lower coefficients and an 
activation energy of 6320 cal/mole for the process. 
A time ·-lag method employed by Bryan and Dodge (40) yielded very 
high coefficients in the 126° - 780 ° C temperature region with an activation 
energy of 1080 cal/ mole, comparable with that theoretically deduced by Ferro (10). 
ｒ･｣･ｮｴｬｹＺｾ＠ their results, both as regards the diffusion coefficients and the activation 
energy, were confirmed by Beck et aL (41) with electrolytic hydrogen as opposed 
to the gaseous atn1.osphere used by Bryan and Dodge as a source of hydrogen. 
It is important to note that high reproducibility does not necessarily lead to a 
more accurate D value particularly below 150°C. For example the mathematical 
analysis of the time-lag method and the experimental technique of Veysseyre, Azou 
and Bastien (67) yielded very reproducible diffusion coefficients at 25P C (2. 7 to 
3o 0 x 10-6 cm2 sec-), yet these are one order of magnitude lower than some of 
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the extrapolated high temperature values and one order of magnitude higher 
than a large number of values obtained by the "effusion" method at this 
temperature. The precise pretreatment of the specimens is a vital factor. 
L5.4 Anomalous thickness effect 
Frank et aL found, in addition, that the use of membranes with 
thicknesses lower than ,v 0. 8 mm resulted in much lower coefficients than 
those obtained with thicker specimens (all other conditions being identical). 
The authors attributed this to surface behaviour and regarded the low 
diffusion coefficients as not representative of the true diffusion. The 
thiclmess effect was observed and investigated independently by Raczynski (75) 
0 
at 90 C, who used electrolytic hydrogen and the time-lag method in his investi-
gations. This author reported that membranes thinner than 0. 77 em. yielded 
progressively lower diffusion coefficients the lower the thickness"D of 
-5 2 -1 -8 2 x 10 em ｾ･｣＠ was obtained for larger thiclmess and D of 7. 0 x 10 
2 -1 
em sec for 0. 1 mm thick membrane, a difference of almost three orders 
of magnitude (colo 2, Table 13) a 
The anomalous thiclmess effect has also been reported by Palczewska 
and Ratajczyk (69) who observed the passage of hydrogen through iron from a 
gaseous phase excited by high voltage discharge. An. important phenomenon 
observed in this work was the low coefficient obtained on .fully outgassed 
membranes; coefficients obtained after pre charging were ·.higher by approximately 
one order of magnitude. 
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1. 5. 5 The effect of cold work 
The work of Frank et al. (70) showed that cold working reduced the 
anomalous diffusion still further at the room temperature below that of the annealed 
sample. However, diffusion is faster in cold worked specimens above 57°0, as a 
result of higher activation energy for the process (12, 400 cal/ mole). In his investi-
gations of the strain induced in mild steel springs during the cathodic impregnation 
with hydrogen, Giles (130) observed that no detectable strain could be observed 
above 60° C, a temperature corresponding to the point of intersection of Arrhenius 
lines ｾｯｲ＠ ｴｾ･＠ cold worked and annealed mild steel reported by Frank. The lowering 
of the diffusion coefficients with cold working was observed later by Johnson and 
Hill (40) and Raczynski and Stelmach (85). Johnson and Hill reported that 8% 
uniaxial tension produced two-thirds of the decrease caused by 23% strain, and 
thus the early stages of straining seem to be proportionally more effective in 
lowering D. It is interesting to note the observation of Vasilenko et al. (190) 
that plastic deformation up to 5% (in tension) during the electrolytic charging, 
causala reversible embrittiement, which could be removed by baking at 200°C. 
When deformed beyond 5%, the susceptibility to embrittlement persisted even 
after baking. H111 (3) has shown that straining of the metal at - 150°0 prior 
to the hydrogen charging produced no significant change in the value of D near 
25° C. It was concluded that dislocations were not responsible for the slower 
diffusion, as in this case a similar effect should have been produced in the metal 
deformed at ambient and at the sub-zero temperature. No change in D value has 
been fotmd by straining the metal in the elastic region (41) • 
1. 5. 6 The effect of grain boundaries 
Unlike substitutional atoms and large interstitial atoms, hydrogen has 
been found to diffuse in the lattice, rather than along the grain boundaries, (1) (41) 
(48) (84) o This has been recently established beyond doubt by Becket aL (41), 
who found little difference between a polycrystalline iron and its single -crystal 
counterpart. The 30% higher value observed for the single crystal was 
attributed to crystallographic orientation of the membrane with the most open 
lattice direction (100) arranged parallel to the diffusion path. From this work 
it became apparent that trace impurities in the iron had no effect on the diffusion 
constant .. 
1. 5o 7 The effect of current density 
Variation of the coefficient for electrolytic hydrogen in iron and mild 
steel with current density in the electrolyte has been reported by Raczynski and 
Stelmach (85) and by Aliltin (86). Raczynski and Stehnach fotmd by the time-lag 
method that the D value increased with the increase in current density up to 
2 ｾ＠ 2 ｾ＠
30 :rnA/ em and remained practically constant at 2 x 10 em sec above this 
value OJ This increase was attributed by the authors to surface processes between 
the metalli.c phase and the electrolyte, which would determine the length of time 
necessary for attaining stationary flow. A more accurate experimental technique 
employed by Devanathan and Stachurski (87) and by others (41) (88), failed to 
reveal any change of the D value with the overpotential, (related to the current 
density) on the polarisation side of the membrane. In all these invesitgations 9 
however :1 a. "normalising" treatment of the membranes was employed, '\Vhich 
involved either cathodic protection or precharging with hydrogen both perfor1ned 
at very low current densities before the actual determination of the rate transients. 
In the absence of such pretreatment anomalous transients (c. f. fig .. 3) were 
obtained which could not be treated mathematically to yield a diffusion coeffici.ent. · 
The anomalous rate transients will be presented in more detail when discussing 
permeation (Section 1 .. 6. 3). 
3L 
lo 5,. 8 Concentration dependence 
From experiments with the time-lag method at 700°C Chang and 
Bennet (1.12) could detect no change of the D value for hydrogen in a low nickel 
steel. It was concluded, however, that the pressure range covered of 71 to 
758 mm Hg (and hence the concentration range) was too narrow to warrant a 
definite conclusion, without further investigations at higher pressureso 
Nanis and McBreen (66) deduced a mathematical method for the 
comparison of successively determined rate transients to detect a change of 
D with concentration .. 
Experiments performed later (41) involved the determination of a 
full rate transient to get a steady rate of flow of hydrogen through a membrane .. 
Once this has been attained at a low current density, the current was suddenly 
raised and a new rate transient determined "over" the previous one.. It has 
been found that with 0 o 1 N H 2So4 all the rate transients obtained by increasing 
the current in steps were theoretically identicaL This denotes that variation 
in the lattice concentration of hydrogen has no significant influence on the 
diffusion constant .. 
lo 5o 9 rorced diffusion under externally applied potential 
It has been postulated that changes in the concentration of hydrogen 
Wlder the influence of an externally applied potential could serve as proof for 
the ionised state of hydrogen in iron and steel (1).. This has been checked 
experimentally (8) (12) (8 9) (90) .. Guntherschulze et aL (8) observed that a dis·-
charge in rarefied hydrogen with an iron membrane as the cathode, resulted 
in flow of hydrogen through the membrane. In this way the authors were able to 
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evaluate the diffusion coefficients and found values varying from 5 x 10 -fi 
-5 2 -1 
to 11 x 10 em sec . Effusion of hydrogen from the plate, once the 
-6 2 -1 discharge had been stopped, guve a coefficient of 8 x 10 em sec • 
On the basis of the very low activation energy for the faster diffusion process 
the high values were attributed to the diffusion of protons, and the low value 
to that of hydrogen atoms. In fact the authors found that with a potential of 
2000 volts the hydrogen diffused as quicldy in the iron as the protons in the 
discharge tube. 
During permeation experiments with electrolytic hydrogen through 
iron and steel membranes, Heath (88) could detect no change in the flow when 
passing a high current through the plate. Yavoisldi and Batalin (89) have, 
however? reported that enrichment of hydrogen near the cathode could be 
observed in molten steel. This was later checked for the iron and steel at 
ambient temperatures by Yavoiskii and Chernega (90) • A slight difference in 
concentration was observed in high and medium carbon steels and in manganese 
and chromium steels. No evidence for such migration could be established 
for low carbon and low alloy ferritic steels. 
Lakomskii (12) considers that the process of solution of hydrogen 
in iron may be regarded as a chemical act accompanied by changes in the 
electron orbits of the interacting atoms. The hydrogen was assumed to act 
as donor while iron as acceptor. Iron having an incomplete d sub-shell, can 
make up its deficit by such a combination, thus leaving the hydrogen partially 
attached to the shell and with an effective positive charge. In this state the 
hydrogen should be attracted to the cathode under the influence of an external 
electrical field. In fact the author observed such migration in his experiments. 
A deliberate filling of the d sub -shell of the iron with electrons by alloying 
with appropriate proportions of aluminium and silicon resulted in the anode 
area enriched with hydrogen when a large current was passed through the 
specimen in wire form. This was taken by the author as a proof for the 
existence of a negatively charged hydrogen ion, hydrogen in this case being 
the acceptor of an extra electron from the filled d sub-shelL In case of 
the iron·-silicon alloy, simultaneous, cathode directed and anode directed 
drifts were observed, which was regarded as indicating the presence of 
both negative and the positive hydrogen ions. 
The theories on electrotransport in metals have been recently 
reviewed by Verhoeven (98). The general model considers that when an 
external force is applied to an ion within an alloy of uniform composition, 
the ion will move with a terminal velocity, The magnitude of this velocity 
for a given force being determined by the frictional drag force of the lattice .. 
The direction of movement is, however, a function both of the ionic charges 
and momentum transfer from the current carriers, e .. g .. conduction electrons .. 
Thi.s interaction results in a tendency for the ions to be drawn into the direction 
of the electron flow which may be in the opposite direction to one the ion would 
have taken as a result of its charge interaction with the externally applied 
field. The equation for the calculation of the effective v.alence of the component 
!_moving rmder an externally applied potential is then: 
z? = 
1 
A fkT 
D. e 
1 
(34) 
ｺｾ＠
1 
f6i 
= 
= 
effective valence of ion L 
electric mobility of i (velocity per unit 
v. 
electric field ｾ＠ ) 
D. 
1 = 
intrinsic diffusion coefficient of component .. !.. 
with container as reference velocity o 
f ::;:; lattice correlation factor (0" 5 to 1 o 0) 
k = Boltzmann's constant 
T = absolute temperature 
e :::::: charge on an electron 
The effective valence z? has the form: 
1 
= z. 
1 
z. 
1 
s 
ei 
= 
= 
s . 
e1 
e 
valence of component io 
momentum transfer coefficient between 
electrons and component L 
The direction of transport of component i in an electrotransfer experiment 
will be predicted by the sign of the Z ｾ＠ in solid metals and dilute metallic 
1 
alloys" For positive ions a negative sign for ｚｾ＠ indicates that the ele.ctron-
1 
friction forces predominate (anode directed transport) .. A positive effective 
charge means that the field force on the component exceeds the friction force 
(cathode directed movement} The point is of course that the direction and 
velocity of movement could give an unequivocal answer to the charge, if a 
satisfactory theoretical expression were available for the momentum 
transfer coefficient, S .o 
e1 
(35) 
Permeation 
I. 6.1 Introduction 
The majority of techniques available for the determination of the 
diffusion coefficients allow simultaneous evaluation of the mass flow of the 
hydrogen under the given concentration gradient. This mass flow is more 
commonly lmown as permeation, but some authors refer to the mass transfer 
as "the rate of diffusion." Due to the ease with which it can be determined, this 
quantity was the first to be measured accurately and analysed theoretically. 
This quantity was found to be of great importance as its measurement can con-
tribute to the elucidation of the prevailing surface conditions in the diffusion 
process, in particular when dealing with cathodic phenomena, during the 
electrolytic charging with hydrogen. Permeation has been found to be closely 
associated with the overpotential during the polarisation, and this necessitates 
a review .of the hydrogen evolution reaction on iron and steel cathodes, to 
serve as basis for the fuller appreciation of the whole mechanism of the 
process of mass transfer. 
Hydrogen evolution reactions (H. E. R.) on iron 
The general reacti.on scheme for the hydrogen evolution reaction 
in acidic media is given by the following stages (93): 
L Proton discharge: 
+ e = Hads 
This discharge step may be followed by a bimolecular combination of II d 
a s 
leading to so called 
(1.2) 
IIo Tafel recombination: 
H + H 
ads ads = (13) 
or an electrochemical desorption step, 
illo Electrochemical desorption: 
H 
ads + + e 
:::: (14) 
The net cathode current density at higher overvoltages, which are 
commonly encountered is given by the following equation: 
i = i exp 
c 0 
i 
c 
i 
0 
fi 
E 
F 
R 
T 
= 
= 
= 
= 
= 
= 
= 
= 
2 
cathodic current density (A/cn1 ) 
(15) 
exchange current density (when E = 0) 
2 (A/em) 
transmission coefficient (number of unit 
charges transferred in one rate determining 
step) 
symmetry factor ＨＰ＼ＯＳｾＱＩ＠
overpotential (volts) 
Faraday constant 
gas constant 
0 
absolute temperature ( I{) 
Rearrangement equation of (15) gives an expression for the overpotential 
as a function of the other parameters: 
E = 2. 303 RT (1 -JJ)A F loglO io 
2. 303 RT 
(1 - {J)I\F loglO io (16) 
This is the Tafel equation, which can also be presented in a simplified way 
as: 
E = 2. !l03.RTl ｡ｾ＠ «-F oglO i.e, (17) 
2o 303 RT 
loglO i (18) a = aL.F 0 
b 2. 303 RT (19) = O(...F 
oG. = (1 - p) A , (transfer coefficient) (20) 
The components of the product (1 - {1),X. cannot be experimentally separated 
in this overpotential region. 
(a) The effect of surface coverage 
The reaction kinetics are very much dependent on the fractional 
coverage of the available surface by hydrogen atoms (9) • The cathodic 
currents for the -correspond:ing types of reactions (I, II, m above) are given 
by (94): 
38 .. 
I. il = 
II. . . l.I = 
ITI. illl ;:::: 
Kl (1 
0 
Kll 
€}2 
0 
Kill e 
0 
9) - c(EF/RT 
e 
- c<...EF/RT 
e 
(21) 
(22) 
(23) 
+ 
where K's are rate constants and include the activity of H30 , and s<.. is the 
transfer coefficient. At equilirbium, i.e E = 0, the rates of I, II and ITI 
are given by: 
.1 I(l (1 
- e > 1 = 0 0 0 
.11 Kll 92 1 ;:::: 
0 0 0 
.Ill Kill a 1 = 0 0 0 
Where e is the equilibrium coverage as determtned by the free energy of 
0 
adsorption of hydrogen on the cathode in a particular solution. 
Wh .l . h 11 th •th .ll .111 th t· I . t• en 1 1s muc sma er an e1 er 1 or 1 , e reac 10n nne 1cs are 
0 0 0 
(24) 
(25) 
(26) 
controlled by slow discharge and do not depend on the mechanism of desorption. 
Adsorbed hydrogen and the ambient gas come to equilibhium by the step II, in 
which e remains independent of overpotential (E). Equation (21) and (23) reduce 
to the Tafel equation, where the Tafel slope, b, can be given as: 
b = 
59 b = 0 mV. at25 C 
b equals 120 if oL is taken as!, for which there is some empirical and 
experimental evidence (95) (97). 
(19) 
(19. a) 
When the rate controlling step is Tafel recombination, the oyerall rate is given 
､ｾｲ･｣ｴｬｹ＠ by equation (25). As the overpotential (E) increases, e increases 
according to the relationship: 
e = e 
0 
-EF/RT 
e (27) 
If this result is substituted in equation (22), it leads to a Tafel equation with 
slope: 
b = 2. 303 RT 2F 
If electrochemical desorption, ill, is the rate limiting step, substitution of 
e from equation (27) into equation (23), leads to a Tafel equation with: 
b = 2. 303 RT 0 (19. c) 
3 1 Where ochangesfrom 2 (brv40mV.) atlow e, to 2 (b,_l20mV.) at 
high e, (96). 
40. 
(b) Reaction order: 
The theoretical considerations of Kelly (97) lead to a convenient 
method for the calculation of the reaction order, using the following equation 
for the electrode processes: 
i 
c = 
_(EF ) ｾＲｒｔ＠
(3EF/2Rr;r) 
(28) 
(29) 
Where m and n are the reaction orders to be determined. For a particular 
overpotential (vs.. So He E Cl) a plot of current densities against the pH yields a 
straight ｬｩｮ･ｾ＠ the slope of which should give the order of reaction, n. Thus: 
n = ( log i /pH) E c ｾ＠ (30) 
This treatment was int.ended to be used for the evaluation of order of reac.tion 
for hydrogen evolution reaction with respect to proton activity., However, due 
to early onset of the concentration overpotential observed in his experimental 
Tafel lines, graphical determinations of the necessary current densities was 
impossible. The order of reaction was therefore found from a study of 
corrosion currents .where the anodic and cathodic currents are equaL An open 
circuit: 
= i 
corr. 
and E = Ecorr. 
41. 
substituted into equation (28) and equation (29) yields the following relationship: 
d E 
corro 
d (pH) = - (m + n) 
(2. 303 RT) 
2F 
A plot of E vs .. pH should then yield a straight line having a slope of 
carr.. · 
-(m + n) (2 .. 303 RT /2F) o 
(31) 
If m is lmown 11 then ｮｴｾ＠ the reaction order with respect to proton activity can 
be determined 11 and it was found by Kelly that n = 1.. From his experimental 
data this author concluded that slow proton discharge H + + e- = H d 
a s 
was ｾｨ･＠ rate-determining step for hydrogen evolution on iron in acidic solutions. 
(c) Specific adsorption: 
Sp_ecific adsorption affects the activation overpotential at the cathode 
surface (93) • In the presence of cathodic adsorption the overpotential can be 
given as: 
E = 
RT 
----(1 -p) zF In (32) 
where f is the decrease in potential of the inner Helmholz plane below that of 
the metal surface (in presence of specific adsorption) ., The author adds that 
for specific cationic adsorption at large cathodic overpotentials ( o/ > 0) , E is 
rendered less negative or the overpotential is reduced. Anionic adsorption 
( -yJ. 1.... 0) at less negative potentials will increase the overpotential and, the 
author adds, "possibly promote surface diffusion." This is a model proposed 
by Frumkin (155), and used by Becket al. (108) to explain cathodic phenomena 
in presence of adsorbed CN ions. 
42. 
Freiman and Titov (99) have estimated that the adsorption over-
voltage on iron amounts to 25% of the totaL Frumkin and Aladzhalova (100) have 
shown that for palladium the hydrogen overvoltage consists of two terms: 
"adsorption" overvoltage and "discharge" overvoltage. 
Variation of the overpotential with time at iron cathodes has been 
reported by Pentland, Bockris and Sheldon (1.01) and Angerstein-Kozlowska (105). 
Pentland et al. used very high purity conditions but even after long pre-electrolysis 
.. -
.. 
of their solutions :1 variations on iron and molybdenum cathodes could still be 
observedo These authors also found that if E/log i relation at low current densities 
c 
were plotted using the E values at the end of this variation, anomalous values of 
E were ｯ｢ｴ｡ｩｮ･､ｾ＠ if the values were those taken very soon (3 sec.) after the setting 
up of certain current density, rational values of E were obtained. Time effects 
seem therefore to be very much connected with a change in adsorption. 
(d) Change of work function: 
A decrease in the rate of an elementary electrochemical step such 
as I or ITI might be due to inhibition. An enhancement of the rate requires a 
' 
change in the basic properties of the surface, according to Shamsul-Huq and 
Rosenberg (94) . This would reflect in the work function, ｾ＠ m, of the ･ｬ･｣ｴｲｯ､ｾＮ＠
Bockris (96) has shown that experimental results for the H. E. R. on a series of 
transition metals follow the relation: 
.1 
1 
0 
= const. + c rtf m (33) 
-1 
where c -::::: 2. 5 (e. v.) . Thus an increase of 0. 5 e. v. in the electrode work 
function causes an order of 1nagnitude increase in i1 (94). 
0 
1. 6. 3 Kinetics of hydrogen evolution and hydrogen entry into iron 
(a) Relation to overpotential 
As early as 1922 Bodenstein (7) demonstrated the relationship 
between the rate of permeation of hydrogen through a thin diaphragm and the 
Tafel equation (equation (17)) for cathodic hydrogen evolution. The velocity 
of diffusion of cathodic hydrogen through iron could be represented by: 
43. 
log P = a + E 
m 
(36) 
p 
E 
a 
m 
= 
= 
= 
= 
velocity of diffusion (permeation) 
overpotential 
constant 
constant (varying from 0. 1 to 0. 9) 
Freiman and Titov (99) found semi-empirically that: 
m = 2b 
b being the Tafel slope. 
(36. a) 
Devanathan and Stachurski (87) and Bockris et al. (95) found the 
following relationship between permeation and overpotential: 
ｾｅ＠
ｾ＠ InP 
p 
E 
= 
= 
4RT 
---F 
permeation 
overpotential 
(37) 
44. 
It was considered that the only tenable mechanism would have to include coupled 
discharge and recombination, and that the intermediate through which electrolytic 
hydrogen passes on entry to the metal substrate is the adsorbed state, and is 
identical to the intermediate which leads to hydrogen evolution. The following 
steps were proposed for simultaneous evolution and entry: . 
+ H 30 + e +Fe (slow) ｾ＠ Fe H d as 
Fe H d a s 
:::: 
Fe HABS = 
2FeHABS 
adsorbed hydrogen on the 
metal surface. 
(38) 
(39) (40) 
hydrogen absorbed directly beneath 
the surface. 
The above conclusions are in disagreement with a theory proposed earlier by 
Bagotskaya (103) and Frumkin (104) , that the hydrogen enters the metal in the same 
elementary act in which it is discharged. This would mean that the intermediate 
state through ·which hydrogen enters the lattice is not identical with the intermediate 
adsorbed state which results in discharge, and there are two simultaneous 
reactions: one leading to discharge and the other to absorption of hydrogen. 
I · 
45. 
(b) Relation to ｣ｯｶ･ｲ｡ｾＺ＠
Bodenstein (7) in his early work made the important assumption 
(without proof) that the surface concentration of hydrogen atoms i. e. the degree 
of coverage is directly· proportional to the permeation: 
p = kl e (41) 
kl 
= constant 
e = coverage 
Freiman and Titov (99) who reviewed the work of Bodenstein have subsequently 
given a semi-empirical proof to the equation. Experimental evidence of this 
assumption is foood in several recent papers (14) (52) (87) (95) (97). 
(c) Membrane thickness: 
The rate of diffusion of electrolytic hydrogen can be related to 
the thickness of the membrane, d, in the following way: 
p 1 
d (42) 
Experimental evidence for this relationship has been given in several investi-
gations (41) (75) (87) (88) (95). Both Heath (88) and Raczynski (75) found that 
equation (42) was only valid for thick membranes, and abnormally high permeation 
values are obtained for membranes thinner than ·'V 1. 0 mmo These authors used 
very high current densities in their investigations ｷｨｩ｣ｨｾｾ＠ according to Barrer (62), 
should have created conditions free from interference by surface reactions. 
46 .. 
It is evident from equation (42) that the limiting stage in the 
process is diffusion inside the membrane, and this has been confirmed by the 
data of Davis and Butler (102) and others (41) (87). Devanathan and Stachurski 
(87) use the following relationship for permeation: 
1 
p 
p 
D 
ksb 
ｬｾｳ＠
d 
e 
::::: 
= 
= 
= 
= 
= 
(43) 
permeation 
diffusion coefficient 
rate constant for the transfer of hydrogen 
from the metal surface to the bulko 
rate constant for the transfer of hydrogen 
from the bulk to the metal surface. 
membrane thiclmess 
coverage of surface by adsorbed hydrogen. 
This again shows that permeation is proportional to the reciprocal of thickness, and 
confirms proportionality between permeation and coverage. From the value eksb 
at zero thiclmess, which can be found graphically by extrapolation, and an 
independent knowledge of D, the rate constant ｬｾｳ＠ has been obtained and found to 
be 10-2 cm2 /sec, which is larger than the value of D. ksb could only be evaluated 
if the absolute value of e were lmown. 
(d) Current density: 
Comparison of the Tafel equation (17) and equation (36) ｡ｬｬｯｷｾ､＠
Bodenstein to correlate permeation with current density at the cathode in the 
following way: 
p = 
p 
i 
k 
= 
= 
= 
permeation 
current density 
constant 
(44) 
The equation was verified experimentally by the author, and more recently in 
several investigations (41) (52) (62) (75) (87) (95) (187), It becomes evident 
ｾ＠
from equations (44) and (41) that the coverage and the cathodic current density 
can be correlated by a simple equation: 
e = 
11 
where k 
kl 
k 
(45) 
= constant 
Barrer (62) and others (75) (88) found that equation (44) is obeyed 
only over a limited range of current densities, At low current densities a "foot" 
was observed in the straight line, this was confirmed by Heath (88), Experimental 
data of Raczynski (75) showed four regions in the P/i relationship: 
(a) A region at very low current densities where permeation 
is approximately proportional to the current density, 
1 
(b) A linear relationship between p and i 2 9 
(c) A transition region, 
(d) A region at high current densities l.n which permeation is 
independent of current. 
Kelly (97) used equation (43) and deductions from his ow·n experimental 
data show that the steady permeation should be proportional to i for slow dis-
c 
charge-fast electrochemical desorption and fast discharge -·slow electrochemical 
desorption mechanisms (I and III$! see section 1. 6. 2) .. For sloV\r discharge-fast 
catalytic mechanism (I and II) the steady state permeation should be proportional 
1 
to i2 • A much earlier work of Bauldoh and Zimmermann (106) showed that the 
() 
permeation of electrolytic hydrogen from sulphuric acid exhibited a peak with 
current in the electrolyte.. Similar experiments with hydrochloric acid did not 
show the peak, and the permeation increased with increase in current. 
(e) Catalyti_c ;eromoters and inhibitors: 
The permeation of electrolytic hydrogen through an iron or steel 
diaphragm can be increased tenfold in presence of substances which ttpoison" 
the recombination reaction and thus favour the entry of hydrogen into the lattice .. 
Elements of the Vth and VIth periodic groups, namely P, As, Sb 9 S, Se, Te, are 
most active. A similar but less distinct influence is exerted by Bi, Hg, Pb, and 
Sn, Zn and Cd. Literature on the subject is too numerous to be quoted in full; 
these effects have been covered in detail by Smialowsld (1) and Evans (92) ., 
Certain anions in solution, likewise increase the rate of permeation, 
as shown by Bagotskaya (103) and Bockris et aL (95). Thus addition of 1- and· 
naphthalene (95), thio-urea and thio-compormds (1) (138) increases the permeation 
rate. In alkaline solutions presence of CN- was found to have a similar effect 
(95) (109) (113). Several organic substances e .. g .. nitriles, alcohols etc., 
oxidising compounds, e .. g. HN03 a.nd pertitanates, decrease the permeation .. 
Bockris et al. (95) have explained the action of I as a promoter 
by considering that it lowers the M -H d bond energy;· Thus if the polarity of 
a s 
the Fe-H d bond is negative towards the solution, then the lowering of the bond 
a s 
strength could be due to electrostatic interaction between ｉｾ＠ and H , and thus 
easier entry of hydrogen into the lattice is obtained .. 
A considerable increase in the overpotential has been noticed on 
mild steel cathodically polarised in dilute H2So4 solution containing 7. 5 mg 
AS2 0 3/1 (105). The Tafel curve obtained was dual in nature .. At low current 
densities the Tafel slope, b, was 82 to 100 mV /decade, at higher currents it 
was found to vary between 117 to 150 mV /decade .. 
A similar increase in overpotential in presence of adsorbed CN-
has been reported by Beck et al. (109). 
(f) Time dependence: 
Several authors have reported the occurrence of maxima in the 
rate of permeatiqn with time (41) (87) (103) (107).. Beck et aL (41) have shown 
that these maxima do not occur if the membranes are subjected to a "normalising" 
treat1nent (for rate transients see section L 3. 2).. "Normalising" consisted of 
cathodic protection or charging at low current densities prior to the determination 
of the rate transient at higher current densities.. The occurrence of such 1na.xima 
has been explained on the basis of the formation of pores and blisters into which the 
hydrogen is trapped in the course of diffusion. No conclusive metallographic evidence 
for the existence of pores and voids has been given, but the authors relied on X -ray 
data reported for iron/3% silicon alloy by other workers (5) (108). 
L6.4 Temperature dependence 
Table 3 gives a representative summary of permeation data for 
o(... -iron and mild steel drawn from the literature. Although more data is 
available not all sources give complete values for the various dimensions ｱｵｯｴ･､Ｚｾ＠
and so these have been omittedn Data for steels of different ｣ｯｭｰｯｳｩｴｩｯｾｳ＠ will be 
treated separately. 
It can be seen from Table 3 that the data from various sources is 
in fairly good agreement 9 despite the difference in techniques employed. 
Zolkowski (110) used discharge in the gas phase as a source of hydrogen and 
foWld that addition of H2S resulted in an increase in permeation and decrease 
in the activation energy for the processo This is consistent with ideas due to 
Bockris et alo (95) on the lowering of adsorption energy for hydrogen by I-, on 
the metal surface as a result of mutual interaction of the two adsorbed specieso 
Earlier investigators in this field observed a negative departure in permeation 
from the expected Arrhenius line below 300°C. This anomaly has been confirmed 
more recently by Chang and Bennett (112) , who formd in addition that the deviation 
depended on the time of soaking the diaphragm in hydrogen above the A3 temperature. 
Composition and structure dependence 
Permeation is very sensitive to the composition of the steel and its 
structure, as determined by the state of heat treatment (1.) (41) (64) (79) (95) (Ill) 
(113) (114) 0 
Alloying elements (but not trace impurities) and particularly second 
phases such as carbides, decrease the permeation of hydrogen through steels. 
5L 
The systematic study of Bhat and Lloyd (115) shows that an increase in carbon 
content decreases the rate of permeation of electrolytic hydrogen at room 
temperature. Spheroidisation of the lamellar pearlite however causes a 
considerable increase" Formation of martensite caused a further decrease 
in permeation" Similar observations were made by Gel'd et al .. (114) with the 
gaseous phase at elevated temperatures and a more sophisticated experimental 
technique.. The authors confirmed that the formation of spheroidal cementite 
considerably increased the permeation, particularly in steels with higher carbon 
contents .. 
L 6 .. 6 ｾｴｲ･ｳｳ＠ and cold work dependence 
In his experiments on the permeation of electrolytic hydrogen through 
steel tubes, de Kazinczy (1.16) noticed that hydrogen throughput (permeation) can be 
increased by the application of stress in the purely elastic region.. This was 
ascribed to an increase in solubility, which is confirmed by the recent work of 
Beck et al" (41) , since their D values were found experimentally to be independant 
of ｳｴｲ･ｳｳＺｾ＠ and hence higher permeation must be due to increased solubility (c. f. 
equation (10)) .. The effect due to elastic stress was found to be reversible for 
pure iron but not for high strength steels .. 
The imposition of tensile stress resulting in 4% to 8% plastic 
deformation was fonnd to cause a decrease in permeation (117) .. However, an 
increase in the pern1eation with degree of cold working by forging and rolling 
has been observed by Raczynski and Stelmach (85) and I-Iudson et aL (118). 
The rate was found to increase up to 30% deformation; higher deformation 
resulted in a decrease of permeation .. 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭ ｾ＠ ｾ ｾ＠ ｾ＠ . 
It is therefore clear that the nature of stress L e. tensile as 
opposed to compressive, exerts different effects on the permeation behaviour .. 
L 6.7 Pressure dependence 
It is well established that for ;f diatomic molecules of gas, permeation 
through a metal membrane obeys the "square-root" law (1): 
(46) 
where k is a proportionality constant .. 
There is a striking similarity between this relationship and that for 
P /i behaviour (equation (44)) o 
A nmnber of investigations made more recently (40) (64) (71) (112) 
and several earlier (1) , revealed that experimental results did not obey the 
''square-root" relationship over the entire range of pressures employed.. A 
linear relationship has been found at higher pressures with a "foot" occurring 
as the pressure decreases, indicative of a threshold pressure .. 
Bryan and Dodge (40) plotted their permeation results against the 
fugacity of hydrogen on the high pressure side, but even this did not result in the 
straight line passing through the origin, as expected from theory.. This behaviour 
is generally attributed to gas-metal reactions at the corresponding interface. 
53 .. 
Other variables 
Surface films and particularly oxidised surfaces act as very effective 
barriers to the ingress of hydrogen into the metal (64) (119) o In this way permeation 
can be reduced by as much as two orders of magnitudes.. Surface roughness has also 
some effect (1) (95).. Prolonged exposure of hot membranes to hydrogen was fotmd 
to increase permeability (69) (119), contrary to observations of some early workers .. 
Heinrich et alo (111) reported that an increase in permeation has been obtained by 
activating the iron surface with «..-particles from a source positioned very near 
the membrane.. In this way the activation energy for the process could be lowered 
from lOo 3 l(cal/mole for tmactivated surface to 7 .. 9 Kcal/mole for the same d.;iaphragm 
in the presence of the radioactive source.. The authors ascribed this to lowering of 
the energy for activated adsorption of the gas on the metal surface., 
Grain boundaries were found to have no effect on the permeation rate 
of hydrogen and similar results were obtained w·ith polycrystalline material and a 
single crystal (41) (84) .. Crystallographic orientation of a single crystal did show 
variations as shown by Bricknell et aL (120) , who demonstrated that the rate 
decreased with the orientation of the single crystal planes according to the order: 
(310) > (100) > (210) "> (211) > (Ill) 
The rate of hydrogen penetration is thus a ftmction of the lattice packing density 
of the exposed plane .. ((310) planes are the most loosely and the (111) the most 
closely packed) o 
---- -------l 
I 
54. 
1.7 Solubility 
1. 7 ol Introduction 
As already pointed out when discussing the mathematics of diffusion, 
solubility is strictly connected with permeation and diffusivityo Complications 
arise in the case of the Fe/H system below 400°C, due to the fact that only part 
of the total hydrogen resides in the lattice. A large portion is "locked" or 
"trapped" in lattice defects such as grain botmdaries, inter-phase boundaries, 
cracks, voids and possibly dislocations. Consequently, application of Sievert's 
law below 400 ° C is impracticable for the calculation of the lattice concentration* 
of hydrogen- the quantity which is correlated with the D and P values. While 
many of the methods of determination of hydrogen in steel give the total hydrogen 
content, P and D values can, in principle, be made to yield the lattice concen-
trations of hydrogen. The methods are complementary in that they allow calcula-
tion of the pressure due to hydrogen in the voids by the application of the Sievert's 
law with respect to lattice - void equilibrium of hydrogen (1.57) o Knowledge of 
both the lattice and the void hydrogen content are essential to recent theories of 
hydrogen embrittlement, (Section L 8 ) . 
L7.2 Methods of determination of hydrogen in iron and steel 
(a) Vacuum extraction: 
This method allows the determination of that part of hydrogen in iron 
and steel which is easily diffusible o A simple apparatus suitable for such 
determination is described by Barraclough (121) and by Bolton (1.22). 
*Footnote: 
·---
The term "concentration" is sometimes used in preference to "solubility" since at 
any particular temperature, "solubility" would correspond to maxi1num concentration .. 
l 
• 1 · 
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A sample of steel or iron up to 10 gms. in weight can be used. The cleaned and 
de greased sample is introduced through a mercury lift to a furnace chamber, and 
led into a hot zone maintained at 200 ° - 650 ° C. The evolved gas is continuously 
removed and collected in a standard volume, The amount of the ･ｾｶｯｬｶ･､＠ gas is 
then determined manometrically. The partial pressure of hydrogen is found by 
allowing it to diffuse out of the system through a palladium osmosis tube. Since 
a large sample can be used, this method can determine as little as 0. 01 p. p. m 
(by weight) of hydrogen. A more recent technique of Brittain (123) is capable 
to cope with a quantity one order of magnitude lower, 
(b) Carrier -gas technique: 
A somewhat similar technique in that it relies on solid state 
diffusion, was developed by Shanahan and Cooke (124), Instead of using a vacuum 
the sample is heated at about 650 ° C in a stream of inert gas at atmospheric 
pressure, into which the hydrogen passes. The evolved hydrogen is oxidised by 
a copper oxide-ferric oxide mixture at 550° - 600°C, and the water so produced 
determined gravimetrically or absorbed by methanol and titrated against Karl 
Fischer reagent (a solution of iodine, sulphur dioxide and pyridine in dlllhydrous 
methanol) , A refinement to the method is the use of katharometer to measure 
the change of heat conductivity of argon (acting as the carrier gas) due to the 
presence of hydrogen (125). 
(c) Vacuum-fusion method: 
In this method the sample is melted in a g-:r;aphite crucible held at 
1550 - 1650 ° C, in vacuum. The evolved ｧ｡ｾ･ｳ＠ (CO, N2 and H2) are continuously 
removed to a calibrated volume and their partial pressures determined • 
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A description of the apparatus and the method of analysis is given by Parker (125). 
The vacuum-fusion method is considered to be less accurate for hydrogen since a 
smaller sample is employed (up to 1 gm) 9 but it enables simultaneous determination 
of oxygen and nitrogen. A refinement to the technique has been developed (126) 
where the gases extracted from the sample are separated chromatographically and 
determined by a katharometer. 
(d) Other methods: 
Vaughan and De Morton (127) reported that hardness testing can detect 
1::· 
changes due to hydrogen in mild steeL The authors showed that Brinell impressions 
made at a very slow indentation rate, gave decreasing hardness readings with 
time, as hydrogen effused fro1n the sample. The sensitivity of such a test would 
be marred by the basic strengthening effect of pearlite at higher carbon contents. 
Bieloglazov (128) also employed microhardness testing on cathodically charged mild 
steel, and observed a significant increase in hardness at the surface. The hardness 
contours obtained matched very closely the hydrogen concentration contour determined 
by anodic dissolution of the steel and measurement of the liberated gas by means of 
* a microburette. A linear dependence was fotmd betvveen microhardness and the 
volume of absorbed hydrogeno 
A third method for the determination of hydrogen in the oC..-iron lattice 
is the resultant change of the electrical resistivity. Alikin (129) used a sensitive 
restivity method capable of detecting Io-10 ohms/cm39 and claims that the method is 
*Footnote: 
The anolyte used was a O.lN I{Br solution containing 10% sodium citrate and a 10% 
solution of CuSO 4 as the catholyte. 
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capable of detecting changes due to 1018 atoms of hydrogen. The method is, 
however, subject to criticism, since in similar experiments of van Oojen and 
Fast (2) it was shown that the resistivity changes were due to crack formation 
and to strains induced in the lattice, with no evidence for a contribution by 
interstitial hydrogen. 
Matsuda and Franldin (52) used anodic oxidation with the aid of 
a polarograph to determine the hydrogen as it diffused out from a cathodically 
impregnated iron plate. The method gave good results, and allowed separation 
of the various states in which the hydrogen can reside inside and on the iron 
cathode (interstitial and adsorbed hydrogen respectively). 
1. 7. 3 Temperature dependence 
Iron belongs to the group of endothermic occluders of hydrogen 
in which the solubility increases with temperature. As pointed out by 
Smialowski (1) the study of solubility under such circumstances presents many 
difficulties since an impurity with exothermic characteristics may change the 
behaviour considerably; such difficulties arise mainly below 400°C. Above 
this temperature the Sievert's square-root dependence on pressure gives 
reliable results for the calculation of solubility, and the variation of solubility 
with temperature obeys the Arrhenius exponential relationship. From the data 
of several investigations Geller and Sun (4) found the following formula for the 
calculation of solubility as a functio;n of temperature for o<:.-iron: 
S = 42. 7 exp (·-6500/RT) (47) 
S = solubility (p. p.m. by weight) 
E quilibriation with the gaseous phase at approximately 450 ° C is a reliable 
method of introducing a known quantity of hydrogen into a sample., 
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The behaviour of o<-.-iron and mild steel below 400°C is affected 
by several variables such as thermal history, mechanical treatment and voids 
0 
volume (1) (3) 0 A further departure was observed below about 200 C where, 
according to Hewitt (6) there is a considerable decrease in the lattice hydrogen 
content, and consequent precipitation into imperfections., Solubility measured 
experimentally in this temperature region is much higher than expected from 
equation (47) as shown by Hill (3) ｾｾ＠
By contrast, the solubility calculated by Bryan and Dodge (4) from 
D and P values obtained by the time-lag method in the temperature range 126 -
700°C, did not show any anomalous departure below 400°C. The general 
expression obtained by the authors over the whole temperature range is in 
good agreement with similar expressions obtained from measurements above 
0 400 Co They also reported that solubilities in cold deformed tube were silnilar 
to those for annealed iron (Table 4) l' but degassing measurements resulted in 
a value 40% higher. 
Table 4. gives the data for solubility of hydrogen in o<- -iron and 
1nild steel found in the literature and given as the equilibrium lattice concentration 
at 1 atmo external hydrogen pressure., Table 4A gives the solubility expressed 
in terms of the parameters of the general equation in parts per million by weight 
(p. p. mo) and Table 4B the same data presented as relative volumes, that is 
3 3 
em H2 (NTP)/cm Fe, a way of representation favoured by many authors. 
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A survey of the data in Table 4. reveals that the agreement between 
the values is good, and the existing variation can be attributed to variation in the 
degree of purity of the material employed; the higher solubility value at 25° C given 
for a (ferritic) mild steel can serve as a good example., The value at 25 ° C 
derived from each expression is an extrapolated value, since in the majority of 
0 
cases the solubility was determined above 400 C., 
The study of Vibrans (131) revealed that increased solubility below 
400° C in an annealed mild steel was due to a void amounting to a volume of 0. 1%. 
Pressure dependence 
The dependence of the lattice concentration of hydrogen on pressure 
obeys the Sievert's "square root" law above 400° C. Bryan and Dodge (40) found 
·o 
the dependence holds down to 126 C. Their values, however, were computed from 
dynamic behaviour and not equili1bri.iJ.un_cop.ditions as in the case of other investigators . 
.. 
The general expression, which includes the temperature term, can be 
given as: 
1 
S = S p2 exp (-Q /RT) 
0 s 
(48) 
This expression was found to hold for both annealed oC:..-iron and steel. 
lo 7 o 5 The effect of membrane composition 
It has been shown in many investigatio.us-that trace impurities in 
solid solution in ec.. -iron have little effect on the·· uptake of hydrogen, which is 
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evident from the data in Table 4. Elements forming substitutional solid solutions 
increase the solubility only slightly, but a pronounced increase in solubility occurs 
once the Q-phase is stabilised (4) (64) (78) (132). A large increase in solubility 
is also found once precipitation of second phases such as carbides, oxides, etc. 
takes place (43) (44) (57) (64) (7 8) (132) (136) a The presence of precipitates is 
generally regarded as the cause for the retention of hydrogen at ambient 
temperatures ; the interfacial regions are considered to act as receptacles for 
the gas, which resides there in a molecular, hence non-diffusible, state. 
1 .. 7. 6 The influence of cold work 
"· ｾ＠ｑＮＮｭ｡ｲｬｾ Ｎ ･､＠ increase in hydrogen content of cold worked l.lfild steel ｾ＠ｾ＠ -= ｾｧ［ｽ＠ ----(/)- ｾｾ｡｟ｦＮｬｙ｡Ｎ､ＱＧｴｬｬＡＧｩＮｊｴＱｾＢｓＧＧｾｻＮＮＮｊ＠｡ｦｴ･ｾ＠ piclding in acid, ｾｲｴ･､＠ ｢ｾ＠ ｄ｡ｾｾｾｾｮ＠ ｾｾｾｾｾｩｴｨ＠ (42) • A more systematic 
0 
study of these phenomena at temperatures above 200 C was made by Keller and 
Davis (43). Their observations led to the conclusion that the occlusive capacity 
of pure iron is not affected by cold work (cold rolling up to 90% reduction) , Cold 
reduction of ingot iron increased its occlusive capacity slightly, but the occlusive 
capacity of a 0. 2 C steel after cold deformation increased 100 -fold at 250 ° C. The 
occlusion of hydrogen decreased at temperatures · higher than 250 ° C, but still 
remained greater than for the unstrained material. A minimum was reached at 
450 ° C, above which the solubility followed the normal behaviour of an annealed 
steel. 
A marked hysteresis was observed as the material was cooled. 
The occlusion/temperature curve did not follow the previous path taken during 
heating, and diminished occlusion as compared with the previous state, was .. noted .. 
This was ascribed to recrystallisation of ferrite on the basis of density increase 
noticed at 450 ° C. In conclusion the authors reported that the behaviour of the 
mild steel was not compatible with the theory of occlusion by storage of molecular 
hydrogen and suggested that two forms of storage must exist: (a) voids and 
(b) imperfections which can be eliminated with annealing or recrystallisation. 
Similar observations were reported by Hill and Johnson (44) . 
L7. 7 Mechanism of occlusion 
The increased occlusive capacity is exothermic in nature, with 
61. 
an enthalpy of -2.9 I(cal/mole (44). This behaviour of hydrogen is consistent 
with the idea that cold working creates "traps," found to be cracks, in which 
the hydrogen is chemisorbed (exothermic behaviour) . 
Harhai, Visvanathan and Davis (57) using a technique similar to that 
of Keeler and Davis (43), elucidated many of the conflicting views and observations 
reported previously. The exothermic nature of occlusion by cold worked iron-carbon 
alloys was confirmedo An interesting observation was made with steel decarburised 
after cold working to give 40 ppm. residual carbon. The density of the material was Col() e)-• 
much high&F than the theoretical value, and on the basis of voids occlusion theory 
3 
the metal should have been able to store 26 em H/lOOg. of metaL The sample occluded 
only 0.46 ml H/lOOg. of metal and the occlusion was entirely endothermic. The authors 
concluded that the lengthy decarburisation treatment could have decreased the energy 
of the surface. Removal of crystallographic effects of cold worldng, such as surface 
steps, rendered the surfaces inactive for occlusion at 250°C. 
For the large occlusive capacity of the iron-carbon alloys, the following 
mechanism was advanced. While the surface is only partially covered, the adsorbed 
layer is highly immobile and the process occurs with a large decrease 
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in entropy. As surface coverage is increased (with decreasing temperature), and 
as the layer becomes more mobile there is a smaller entropy change (confirmed by 
experimental data). The large decrease in entropy was ascribed to the continued 
effect of the change of state of the hydrogen combined with the decrease in entropy 
of the internal surfaces upon which ｣ｨ･ｭｾｳｯｲｰｴｩｯｮ＠ takes place. 
Another observation of interest was the fact that annealing at 550°C, 
while causing a large reduction in the occlusive capacity, did not cause any 
significant change in the volume of voids or the composition. Annealing at 550 ° C 
in a hydrogen atmosphere led to persistence of some exothermic occlusion at 
lower temperatures, but subsequent vacuum annealing removed this effect 
completely and the steel reverted to endothermic behaviour. Thus the presence 
of voids and of carbides was considered to be an insufficient condition for the 
occurence of exothermic occlusion. The possibility of a chemical reaction to 
form methane or epsilon carbide was not considered likely under the experimental 
conditions used. 
Occlusion rates: 
Harhai et ｡ｬＮ､･､ｵ｣ｾｾ＠ a mathematical relationship for the rate of 
occlusion with time: 
In R = ln R kt (49) 0 
R = instantaneous rate of occlusion at time, t, 
R = initial rate at zero time, 
0 
k = slope of the straight line. 
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The amotmt of hydrogen in any interval of time can also be formd by converting 
equation (49) to the form: 
R = R e -kt 
0 
Jt2 Volume occluded = t 1 
(50) 
-kt R e dt 
0 
(50. b) 
This formula can be extended for the calculation of equilibrium occlusion values, 
by extrapolation of the rate data. 
1.. 7o8 Effects of electrolytic charging 
The ability of iron and steel to absorb gaseous hydrogen and to 
accommodate it within itself has already been reviewed. What remains to be 
established is the observed contribution of electrochemical factors during the 
electrolytic hydrogen charging to the phenomena described. All the factors 
affecting the rate of permeation and the entry mechanisms already described 
should apply equally to this method of charging. However, the retention of 
electrolytic hydrogen by the iron and steel and the degree of saturation has 
not been mentionedo 
(a) Time dependence: 
Whether the steel is charged by cathodic reaction or by pickling 
in acids, the quantity of hydrogen retained by the iron and steels was found 
in majority of cases to be linearly related with the square-root of time, Wltil 
a limiting quantity is absorbed (13) (42) (118) (137) (138). By contrast, Botton 
and Shreir (134) observed that, tmder rigidly controlled experimental conditions, 
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the absorption of hydrogen by a high strength steel varied linearly with time, 
irrespective of the structure produced by different tempering temperatures. 
Matsuda and Franldin (52) determined the hydrogen adsorbed at the surface 
and the internal hydrogen separately, and using the internal protion only, 
also found a linear absorption with time for pure iron. It should be mentioned 
that the adsorbed part amounted to approximately 30% of the total in their case, 
but this is subject to variation in specimen size. 
(b) Electrolyte composition dependence: 
The use of oxidising acids (e. g. HN03) during the piclding of 
steel causes less hydrogen to be occluded (139). Similar results were obtained 
in presence of oxidising agents (e. g. dichromate a).. The presence of small 
amounts of "poisons" for the hydrogen recombination reaction gives higher 
hydrogen contents, while larger quantities inhibit the process of dissolution 
and give less hydrogen in the steel (140). Solutions of lower pH cause higher 
hydrogen saturations (42) • 
(c) Current density dependence: 
* An increase in current density increases the ultimate quantity 
of hydrogen in iron and steels (52) (134) (141) . 
*Footnote: 
This is in relation to the total hjd rogen which could be determined by the 
available methods of analysis relying on desorption of the occluded gas. 
65. 
The results of Bockris et al. (95) showed that the concentration 
of lattice hydrogen within the metal surface on the charging side, increased 
with the increase in overpotential (and therefore current density). Grain 
botmdaries were found to have little effect, as shown by the similarity of 
results obtained with polycrystalline material and a single crystal. Use of 
the same method by Beck et al. (41) with armco iron and zone refined iron 
membranes revealed a critical hydrogen concentration which increased with 
increase in temperature. The critical concentration was similar for both 
of the materials employed, and corresponded to a current density of 
approximately 40 mA/ em 2, . in 0 .IN H2so4 solution saturated with argon 
(argon being employed for stirring of the electrolyte). The critical concen-
tration was described as a level of saturation of an iron plate which caused 
irreversibility in the permeation subsequently. 
For thick steel specimens electrolytic charging re suited in an 
tmeven hydrogen distribution, with a high concentration at the surface and 
lower contents inside the sample (128) (143). 
(d) Effect of composition and structure: 
As with gaseous charging, traces of substitutional alloying 
elements have little influence, but the solubility is inc:reased considerably 
when second phases such as carbides etc. are present (134) (135) (144) (147). 
Bolton and Shreir studied. the influence of quenching and tempering at 
various temperatures and found that an increase in tempering temperature 
above 200°C caused progressively higher occlusion of electrolytic hydrogen. 
The rate of absorption showed a similar dependence on the tempering 
temperature. 
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(e) Temperature dependence: 
The effect of temperature of the electrolyte on the absorption of 
hydrogen by annealed steels has been investigated by Rozenfe1'd et aL (144). 
During the initial stages of hydrogenation, the limiting amoWlt of absorbed 
hydrogen decreased with temperature, although the absorption rate increased 
with increase in temperature. During the final stages of hydrogenation this 
temperature effect was reversed. The authors explained their results by 
assuming that during the initial stages the absorption rate depends on diffusion, 
which increases with temperature, while the final stages are governed by the 
surface concentration of hydrogen. The current density employed in this 
investigation approached the critical value reported by Becket al. (41), which 
could have influenced the results. 
(f) Lattice imperfections: 
All lattice imperfections are generally regarded to cause an 
increase in the total occlusive capacity ｦｾｲ＠ electrolytic hydrogen of pure iron 
and steels of all compositions (115) (118) (130) (142) (146). 
Thus boundaries, dislocations, voids, cracks and ｳｵｲｦ｡｣･ｳｾ＠ cause 
an increase in retention of hydrogen in one of the several forms postulated. 
Cold worldng both by compression and in tension causes a very large increase 
i.n the occlusive capacity (115) (118) (135) (142). The experiments of Hudson 
et aL (142) show that annealing of cold worked steel above 450 ° C cause only a 
small decrease in its occlusive capacity, in marked contrast to what has been 
reported by Harhai et al. (57) for gaseous charging. It was pointed out in the 
latter work that the two methods of charging may not be regarded as equivalent, 
and the charg'ing potential rather than the occlusive characteristics could be 
responsible for this discrepancy. 
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A decrease in the amount of absorbed hydrogen during the cathodic 
·charging was reported by Besnard and Talbot (147) after polygonisation of armco 
iron and attributed to a new distribution of dislocations. 
It can be concluded that the solubility of hydrogen in the oL·-iron 
and steel is not a purely endothermic process. The endothermic lattice occlusion 
is accompanied by an exothermic adsorption on all available surfaces and even 
on the outside surface during the electrolytic charging. The exothermic occlusion 
brought about by a cold work is directly related to the degree of ､･ｦｯｲｭ｡ｴｩｯｮｾ＠ and 
can predominate over the endothermic one after a heavy deformation. The surface 
activity created by the cold work is markedly reduced during the annealing at 
0 
above 400 C. 
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1 .. 8 Relation of Embrittlement to Diffusion 
1.. 8.1 Introduction 
When discussing the apparent diffusion coefficient, reference 
was made to a well established fact that the activation energy for de-embrittlement 
and for anomalous diffusion are numerically similar, which suggests that the two 
processes are correlated. This statement is supported by the fact that it requires 
a certain incubation time for the metal to become brittle, and by the dependence of 
ductility on the rate of straining. A brief summary of associated factors is 
the ref ore presented. 
Pressure theories of hydrogen embrittlement 
The embrittlement of iron and steel by hydrogen has been reviewed 
recently (1) (3) (156), and another review together with the presentation of a new 
theory is soon to be published Q.57) .. 
The earliest theory of embrittlement proposed by Zapfe and Haslem Q.58), 
postulated the passage of lattice hydrogen into voids where it would lead to a 
pressure increase. On exceeding a critical value, the inter granular structure 
is suddenly deformed and this manifests itself in embrittlement. The earlier 
work of Phragmen (165) showed that pressure in the grain boundaries due to 
molecular hydrogen could amotmt to 17,000 atmospheres. A similar model was 
assumed by de Kazinczy (159) who also proposed a mechanism leading to 
embrittlement based on lowering of the fracture stress by high pressure hydrogen .. 
Bastien and Azou (160) have proposed that embrittlement is brought 
about by the interaction of hydrogen in protonic form with lattice imperfectionso 
During plastic deformation the protons were assumed to be attracted by the 
mobile dislocations, causing local supersaturation, which ultimately results in 
a high pressure rise once the imperfections transform to cavities as a result 
of the cold workingo 
The new theory of Hewitt and Allen-Booth (157) is based on 
experimental evidence which indicates that the majority of hydrogen in steels 
is not in interstitial solution, but is precipitated in voids as molecular hydrogeno 
The theory relates the temperature, hydrogen concentration and diffusion rate 9 
·with both a void volume and a pressureo A relation has been derived for the 
apparent Din terms of the trueD and the other factors mentioned. An 
assumption that only 4% of the total hydrogen resides in the lattice, together 
with a.n average figure for both the voids volume and the hydrogen content in 
steels, when substituted in the derived equation results in a pressure figure 
not far from that derived by Phragmen (165) • Arrhenius curves derived with the 
aid of a computer produced a ､･ｰ･ｮ､ｾｮ｣･＠ _ ＼［＾ｾ＠ ｴｾ･＠ .. ｡ｰｰＹＺＺｲｾｾｾ Ｎ＠ -.P , ｯｾ＠ ｴｊｾ･＠ ｶ ｟ ｱｾｾｬ＠ ｶｰｾｾｬｖＺｾ ｴ Ｌ＠ ｾＺＺ＠ . 
lower D values associated with higher % voids (at constant temperature). This 
distribution of D values matches very closely the distribution of Arrhenius plots 
of D values below 250°C as fotmd in the literatureo 
L8 .. 3 ｾｨｾｾ｟ｅｩ･ｳ＠ related to bonding 
Troiano and associates (178) (179) related embrittlement with a more 
fundam.ental property of the lattice, namely the valence of electrons. They 
considered that a filled d-shell is associated with a reduced degree of hydrogen 
embrittlemento 
Petch and Stables Q.61) assumed embrittlement to be due to 
adsorption of hydrogen onto the surfaces of imperfections, which lowered 
the energy required to increase the crack area (Griffith-Orowan model) o 
1.8.4 §xl?erill).ental evidence of hydrogen diffusion associated with 
embrittlement 
---·- -
According to the experiments of Morlet et alo (35) hydrogen 
diffuses to areas of high stress. As the stress increases the critical 
combination of hydrogen and stress caused opening of a crack. The 
magnitude of the critical concentration was considered to depend on the 
initial hydrogen content, the hydrogen diffusion rate and time during which 
hydrogen may diffuseo The authors concluded that the experimental evidence 
appeared to disprove both the surface adsorption theory a11d the planar pressure 
theory, and indicated that the embrittlement occurred at points in a state of 
severe stressd 
However, the recent investigations of Hill a11d Johnson Q.64) show 
some eYidence for the contribution of adsorbed hydrogen to the embrittle1nent, 
and the results of Hancock and Jolmson (58) reveal that an external hydrogen 
pressure of only one atmosphere can cause embrittlement. These experiments 
favour the Petch model of e1nbrittlement .. 
On the basis of combining fractographic observations of cleavage 
areas in a high strength steel and accurate hydrogen analysis, Farrell and 
Quarrel! (162) obtained evidence that a local build up of hydrogen in the vicinity 
of inclusions, possibly at the interface with the matrix, initiates cleavage and 
causes a decrease in the fracture strength. A similar observation with mild steel 
has also been reported (163). In both cases the upper temperature limit for hydrogen 
0 damage was about 150 C. 
7L 
The theory of Troiano concerning the d-shell of the lattice finds 
practical support in that a decrease in the susceptibility to hydrogen embrittle-
mentis observed in some high alloy steels. However, embrittlement by hydrogen 
has been observed both in ferritic (180) and austenitic stainless steels (181) (18 2) 
(183) (184) 0 
The new theory of Hewitt (157) yields the calculated pressures which 
are close to the drop in true fracture stress observed in hydrogenated steels .. 
The role of voids is also in good agreement with the observed susceptibility of steels 
to hair line cracldng as related to insoluble impurity content and density measure-
ments ; steels with a large void volume are fotmd to be less susceptible to 
embrittlement (the voids can accommodate more hytdrogen at lower pressure). 
lo So 5 ｅｮｾ＠ of activation 
The activation energy obtained by Farrell and Quarrel! for the de-
embrittlement process below 150 ° C was 9. 8 Kcal/mole, a value intermediate 
between the energy for the apparent diffusion of hydrogen in o( -iron and that 
for low alloy steels. The difference between the energy for the process above 
and below l50°C amounts to about 4 .. 5 I( cal/mole, and this value is in good 
agreement with the value of 4. 8 K cal/mole determined by Johnson and Hill 
(44) for the trapping of hydrogen in oL -iron below 200°C. 
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SECTION 2. DEVELOPMENT OF THE APPARATUS 
2 Cl 1 Introduction 
From the preliminary literature survey it became apparent, that widely 
divergent diffusion coefficients for hydrogen in iron and steel were being obtained 
despite the fact that identical apparatus was used in all cases o The most 
frequently employed technique was the time-lag method, in which a thin membrane 
is sealed to a system, ofte part ｾｦ＠ which could be pre-evacuated while the other 
contains a source of hydrogen. In the majority of cases, electrolysis of dilute 
sulphuric acid served to supply the hydrogen, which then passed through the 
membrane and was collected in the pre-evacuated volume. 
It was decided to design a cell on these lines in order to gain insight into 
the intricacies of the method, to be able to establish its limitations, and possibly 
draw conclusions as to the diversity of the results previously obtained .. 
Diffusion coefficients were also determined by utilising discharges in 
ｲ｡ｲ･ｦｩ･ｾ＠ hydrogen as a source of hydrogen. This method has been shown to produce 
anomalies similar to those obtained in electrolytic charging, with high consistency 
of individual resultso This method seemed very suitable for initial experiments, 
since high purity iron and pure hydrogen could be employed thus reducing the 
chance of catalytic action of iln.purities on the diffusion process. 
2.2 Construction of the Apparatus 
2.2.1 Basic ･ｱｵｩｰｭ･ｾｴ＠
In designing the apparatus it was found necessary to combine two units: 
the hydrogen purification unit and a diffusion cell, both collllected to an evacuation 
train consisting of a mercury diffusion pump backed by a rotary pumpo 
Fig. 4 shows the whole assembly, and Fig. 5 a schematic diagram 
of the individual glass units. 
2. 2. 2 H:ydrogen purification unit 
Impure hydrogen is taken from the cylinder to the drying train then 
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to the Palladium tube held at about 450°C. The purified hydrogen was stored 
in the reservoir, of about 2 litres in capacity. A liquid air trap was included 
into the storage Wlit to collect vapours evolving from the container sides and 
from the greased joints. "Lithelen" Lithium grease (Eliott-Leybold) was used 
for sealing of all the gronnd joints and stopcocks. A. mercury manometer 
was incorporated into the reservoir. 
2. 2. 3 Cell for discharge experiments 
The diffusion cell is shown on the left hand side of ｆｩｧｾ＠ 5.. Incorporation 
of 819 ball joints permitted the whole assembly to be made of pyrex glass? and 
allowed elimination of rubber and metal from the cell. 
The diffusion cell given in the L. H. S. of Fig. 5 was used for experiments 
where discharges in a rarefied hydrogen atmosphere was used as a source of 
hydrogen. A high voltage between the tungsten anode and the iron plate cathode 
caused hydrogen entry and permeation through the iron plate. Pressure changes 
in cell B due to the diffused hydrogen were monitored by means of the Pirani 
gauge head 2. 
2. 2.4 Electrolytic charging cell 
Fig. 6 (a) and Fig. 7 show the arrangement of the diffusion cell where 
electrolysis of dilute sulphuric acid served as the source of hydrogena 
The iron membrane is made a cathode with respect to a platinum anode., 
The diffused hydrogen passes to cell Ba , where its pressure can be measured 
with the aid of Pirani gauge head 2" Cell B is the same cell used in the 
discharge ･ｸｰ･ｲｩｭ･ｮｴｳｾ＠ but with cell A removed and the electrolysis cell 
substituted in its place" 
Fig" 8 shows the cell used for the. diffusion of hydrogen ｾｴ＠ temperatures 
above 90°C. The pure iron was sealed into a low melting point glass w·ith a 
matching coefficient of expansion (C90, Thermal Syndicate)" This glass in 
tubular form was joined to the main bbdy of the cell through a graded joint" 
Again the Pirant gauge head 2 was used to measure the pressure changes in 
;cell Bo 
Modtlications for the forced diffusion ･ｸｰ･ｲｩｭ･ｮｴｾ＠
For forced diffusion experiments, means had to be devised to enable 
the superimposition of an external potential along the path of the diffusing 
hydrogen" 
For room temperature experiments the basic electrolytic cell was 
used, with a tungsten electrode added on the vacuum side. Instead of plates, 
rod specimens were used. All surfaces were zinc plated with the exception 
of the ends then soldered axially into a steel disc also plated with zinc which 
acted as a barrier to hydrogen diffusion. This arrangement allowed very high 
currents to be passed through the rod while the electrolytic hydrogen was 
diffusing. The whole arrangement is shown in Fig" 6 (b) " 
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For elevated temperature work the cell used for thermal diffusion 
Fig.S had tungsten electrodes added which were capable of carrying currents 
of up to 20 amps. Thus currents corresponding to 300 A/cm2 could be 
superimposed onto the normal thermal hydrogen diffusion. 
The arrangements for both the room temperature and higher temperature 
suffered from the drawback tliat while high currents could be passed, the potential 
drop in the specimen was relatively low, amoWlting to approximately 1/lOOth of a 
volt. 
2. 2. 7 Electrical circuitry and measuring equipment 
The galvanostatic method was adopted for charging with hydrogen during 
determination of the ｴｩｭ･Ｍｾｬ｡ｧ＠ curves. The circuit diagram is basically the same 
as the one shown in Fig. 28, but without the "Vibron" Electrometer o Two power 
supply tmits were used. For low currents densities, a constant current unit 
rJ"okam type 2541, Shandon) was employed with a lower limit of 1. 5 mA equivalent 
I 2 to approximately 1. 0 i mA em for the cathode surface. For higher currents 
(> 45mA) a Dual Stabilised D. c. supply tmit (type PP3, Advance Components) was 
used in conjWlction with a series resistors added to com1teract variations in 
current as a result of changes during the electrolysis. Each unit of the supply 
Wlit was capable of supplying lA at 30V; a series connection of the two units doubled 
this output. Current measurements were made using a sub-standard milliammeter 
(Model S82, Sangamo Weston), with 1, 10, 100, 200, 500 and 1000 mA ranges. 
Applied voltage was also taken, usually at the end of each determination, with 
sub-standard voltmeter (Model 882, Sangamo Weston). 
2.3 Measuring Equipment and Its Calibration 
Pressure measurements 
Pressure of hydrogen in the reservoir could be determined by the 
mercury manometer.. The manometer was kept isolated from the reservoir 
to prevent mercury vapours being drawn into the diffusion cells during the 
transfer of hydrogen .. 
Pressure readings on the input side (cell A) could be made by three 
different methods.. Low pressures up to 200 microns Hg. were measured using 
the calibrated Pirani gauge head 1, · (G5B - 2, Edwards).. Pressures above 
200 microns and up to 5 mm. Hg. could be measured with the aid of an oil 
manometer. This contained silicone oil (E¢lwards, 70 3) with specific gravity 
of 1, 082 gm, and 5 x 10-6 mm. Hg. vapour pressure at 20°C. One millimeter 
head of the oil was equivalent to 80 microns Hg., but due to high viscosity of 
the oil this did not prove accurate near the lower limit. 
Pressures higher than 5 mm. Hg .. were determined by the mercury 
manometer in the hydrogen reservoir. This was done just after the introduction 
of hydrogen into the diffusion cell; the pressure in the cell and the reservoir 
were then equaL 
Pressure readings in cell B, that is the pressure of the diffused 
hydrogen,were made with the aid of a carefully calibrated Pirani gauge head 2. 
(G5B - 2, Edwards). 
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2.3.2 Calibration of the Pirani gauge head 2 - recorder combination 
Calibration of this gauge-recorder combination was performed with 
great care since it were to be used to measure very accurately small quantities 
of the diffused hydrogen. 
The gauge head was coupled through a control unit (model B/2, Edwards) 
to a "Graphispot" recorder (type GRVAT, No. 472, Sefram, Paris) which has 
multiple ranges (0. 25 to 1000 mV and 2. 5 f1A to lA) together with variable chart 
·speeds (lo 2 mm/min to 360 mm/min) and a full scale deflection of 250 mm. 
Calibration was performed by the incorporation of a mercury McLeod 
gauge into the diffusion cells system. The McLeod gauge was capable of reading 
pressures in the range of 0. 05 to 300 microns. A liquid air vapour trap separated 
the McLeod gauge from the Pirani head, to prevent interference of the mercury 
vapour with the Pirani gauge readings. 
The system was evacuated and flushed several times with pure hydrogen. 
Hydrogen was then introduced into the system and readings of the McLeod gauge 
and the corresponding deflection on the Graphispot recorder on several millivolt 
ranges were taken. The pressure was decreased and increased several times by 
various steps in order to detect any hysteresis in the response of the Pirani gauge. 
Both values were found to be identical. Pressures below 1 micron involved some 
errors through repeated sticking of mercury in the capillary of the McLeod gauge 
so the following method was used. 
., 
I 
I 
I 
l 
- -·---------------...., 
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ｍ･ｾｳｵｲ･ｭ･ｮｴ＠ of constant permeation rates at elevated temperatures 
using the cell illustrated in Fig. 8 was found to yield a linear deflection on the 
recorder up to approximately 10 microns. Thus extrapolation of the ｡｣｣ｵＮｲｾｴ･＠
calibration in the 1 to 10 microns pressure range below 1 micron allowed very 
accurate calibration of this low pressure region. The constant permeation 
calibration chart is shown in Fig.ll. 
The 0. 25, 0. 5, 1. 0, 2. 5, 5. 0 and 10 mV ranges of the recorder 
were all used. The first four ranges gave linear relationships of pressure 
vs. deflection and allowed direct use of the chart for the determinations of 
the time--lag. Results obtained with the 5. 0 and 10 mV ranges had to be 
replotted, due to non-linearity in the deflection/pressure relationship. The 
calibration curve at 10 mV f. s.d. is shown in Fig. 9 and the nomograms con-
structed for all scales (Fig.10). Pirani gauge head 1 was calibrated in a 
similar way. 
2.3.3 Calibration t6f volumes 
The volume of cell B was determined with the aid of the standard 
volume of 26. 00 cca (see Fig. 5)" Pure hydrogen was introduced into the system 
including the standard volu111e and the pressure determined. The Std. volume 
was then isolated and the remaining parts including cell B, were evacuated, then 
isolated from the evacuation train. Release of the gas from the Std. volume 
into the combined system resulted in a new pressure reading. The unlmown portion 
of the volume was then calculated using the gas laws. fu ｴｨｩｾ＠ way each individual 
part of the system could be calibrated. 
2. 3. 4 Accuracy of the pressure readings 
Inspection of the nomograms will show that for the 0. 25 mV range 
the full scale deflection is equivalent to a pressure of L. 2 microns Hg. 
ｔ｡ｫｩｮｧｾＭＭＡ＠ mm. of the chart's scale as the limit of accuracy, this 1 mm. 
range is equivalent to 5 x 10-6 mm. Hg. Taking the volume of cell B 
to be 200 c. c. (actual value 195 c. c.) a change of 1 x 10-5 mm. Hg. in this 
volume is equivalent to 10-8 gm. of hydrogen or approximately 1016 atoms 
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of hydrogen. Assuming the weight corresponding to the effective area of the 
-8 
membrane to be 1 gm. a change of 10 gm. of hydrogen would correspond 
to a change of 0. 005 part per million (wt) of the gas. The accuracy 
corresponding to 5 x 10-6 mm. Hg. would give ･ｶｭｙ＼｡ ﾷ ｾ＠ higher limit of 
accuracy. 
2.4 Choice of Materials 
Spectrographic-purity-grade iron (Johnson Matthey) was chosen 
for the preliminary experiments, to eliminate the contribution of impurities 
in the metal to the diffusion phenomena. This high purity was expected to 
lessen the chance of contamination of the electrolyte with impurities 
such as sulphur which are known to affect the hydrogen evolution reaction. 
Analysis of the major impurities present is given in Table 5. 
For the higher temperature experiments BISRA AHN 20 pure iron 
was choseno Analysis of this iron is given in Table 6. It is a well known 
grade of iron used extensi.vely for research purposes, with a great deal 
of data of its properties published. 
-------, 
I 
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2 .. 5 Choice of Source of Hydrogen 
By far the most frequently employed source of hydrogen was the 
electrolysis of dilute sulphuric acid with or without catalysts for the 
hydrogen entry into the iron.. M/3 H2so4 (AnalaR) was selected for the 
first set of experiments, followed by the M/3 H2so4 + 8 mg/1 of As2o3 
and finally M/3 H2So4 + 10-4 M thiourea. 
8L 
The strength of the M/3 H2So4 is approximately equal to 3% 
by weight, a concentration frequently quoted in the literature in connection 
with the time-lag method.. The addition of 8 mg/1 of A§2o3 (equivalent to 
6 mg/1 of Arsenic) to act as a poison for hydrogen evolution and thus promote 
entry into the iron, was based on the experience of an investigation (140) where 
this amount was found to fall within the range of high hydrogen pick-up by 
steels during pickling. The 10-4 Molar addition of thiourea to the M/3 H2SO4 
was based on the fact that this concentration gives a maximum overpotential 
on nickel electrodes polarised in mildly acidic solutions (148) o The choice of 
thiourea as sucmas prompted by the general experience that the presence of 
thiourea in plating solutions gives bright deposits, but causes severe 
embrittlement of high tensile steels .. 
Pure hydrogen was chosen for the discharge method and the higher 
temperature w·ork, to give a combination of high purity atmosphere and 
a relatively pure lattice .. 
.. ·· --------------------------------
2o 6 Preparation and Mounting of the Membranes 
All the materials used were either supplied in the cold-worked 
condition or were deliberately cold deformed approximately 50% to ease 
machin:ing to size.. Discs o. 25 mm a. 5 mm and L 0 mm nominal thickness 
were prepared for the discharge and electrolysis methods. 
The discs were annealed at 860°C in vacumn for 8 to 12 hours. 
Surface preparation after annealing consisted of abrasion of both sides of 
the plates on a range of emery papers, a polish with a 6 micron and 1 micron 
diamond ｣ｯｭｰｯｵｮ､Ｚｾ＠ followed by degreasing in trichloroethylene.. An iron 
wire was spot·-welded to the edge of each disc, for electrical contact. The 
specimens were then sealed into the diffusion cell as shown in Fig, 6 (a) and 
Fig. fl.. Edwards WoE. 6 .. wax was used for the sealing. For the electrolytic 
method, the spot-welded iron wire, waxed areas and the edges of the plate 
ｷ･ｾ･ Ｎ ｡ｬｬ Ｎ ｣ｯ｡ｴ･､＠ with "Lacomite" masking-off medium to provide electrical 
insulation"for the ｷｩｲ･Ｚｾ＠ and to prevent contact and thus contamination of 
the electrolyte with wax .. 
In the first few experiments with iron membranes it was noticed 
that during the electrolysis bubbles of hydrogen were attaching themselves 
firmly to the edges of the membrane and thus gradually decreasing the 
effective area of the membrane.. Preliminary experiments were therefore 
made using membranes coated (by an electroless method) with 1 to 1. 5 microns 
of palladiumo This facilitated easy detachment of bubbles, and prevented 
corrosion of the metal by the electrolyte and the consequent side effects due 
to the presence of ferrous ions. 
Later, bare iron membranes have been usedo This was made 
possible by preparing membranes which had a larger diameter than the ones 
used originallyo Th;e masking with "LaeomiV'" was confined to the rim of 
the plate only, so that the area directly above the flange on which the sample 
rested was exposed to the action of the current.. In such arrangement any 
bubbles attached away from the centre exerted no effect on the hydrogen entry 
into the "active" part of the membrane .. 
For high temperature work and the forced diffusion at low and high 
temperatures, rods of BISRA AHN 20 pure iron were used.. The rods 0, 3 mm 
in diameter and 0, 7 5 em long with a hole drilled partially along the axis from 
one end, were a:rmealed in vacuum at 860°C for 8 hours then sealed into C90 
glass (Thermal Syndicate) , After thoroughly descal:ing with 20% H2so4 -
quinoline solution, the remaining exposed curved surface of the iron was plated 
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with gold.. Gold has a D value for hydrogen equal to 4 x 10 em sec at 
100°C, approximately three orders of magnitude lower than for the pure iron, 
and therefore serves as an effective barrier to hydrogen (14 9) (150) , The entry 
side was coated with palladium in order to simulate the conditions employed 
at room temperature with the electrolytic and discharge methods, 
For the forced diffusion experiments at room temperatures the rod was 
zinc plated, and soldered into an iron plate which was also zinc plated, the 
zinc acted as barrier to hydrogen in this casee The solution side of the 
arrangement was then coated with the "Lacomit" sealing off compom1d, and 
the entry side for hydrogen was palladium plated, 
SECTION 3. INITIAL RESULTS 
3.1 Elevated Temperature Work 
The pressure·-time. curves obtained in the 90°- l90°C temperature 
range on precharged sample are shown in Fig.l2. Diffusion coefficients 
could be obtained for these curves by obtaining the time-lag directly from 
the original deflection/time charts. The logarithmic plot of the curve at 
1 :,.o ｾﾰ＠ C is given in Fig .. 13. It can be seen that both the time-lag and the 
logarithmic representation give the theoretically expected curves and the 
D values obtained from both plots are identicaL 
Table 7 gives all the data that could be obtained from the elevated 
temperature experiments together with the experimental conditions. Fig. 14 
shows the Arrhenius plot of the D values from Table 7. A general 
representation of the straight line can be given as: 
-2 2 -1 D = 1.1 x 10 exp (-3600/RT) em sec (51) 
The energy of activation for the process is in good agreement with some of 
ｾｾｾ｜＠
the values foWld in the literature'-t .. and presented in Table 2, although the D 
., 0 
ｶ｡ｬｵ･ ｲﾷｾ＠ is somewhat higher. The coefficient of diffusion derived for 25 ° C 
-5 2 -1 (2. 5 x 10 em sec ) is in good agreement with values extrapolated from 
the high temperature data of other investigators. 
Diffusion of Electrolytic HY-drogel_!, 
ｂ｡｣ｬｾｧｲｯｵｮ､＠ evolution 
The cell used in these experiments is shown in Fig., 6 (a) o Pressure 
readings were taken in cell B from the start of electrolysis o Before each 
experiment to determine a time-lag curve? the background evolution' ﾷｬ ｾ＠
was taken and the subsequent pressure readings adjusted accordinglyo It 
was found that the background evolution stayed practically constant(o o 1 - 0., 12 
microns/minute)for about 30 minutes? then decreased somewhat over the 
following hour o 
It very soon became apparent that when a freshly prepared and 
outgassed membrane was used for the first time in the determination of the 
time·-lag curves, a diffusion coefficient was invariably obtained, as much 
as t\\ro orders of magnitude lower than subsequent values obtained with the 
same membraneo All experiments were therefore conducted on membranes 
precharged at low current densities? 1 to 2 mA/cm2 for the time necessary 
to obtain a constant rate of flow., Before each subsequent experiment the 
membranes were again precharged and outgassed under dynamic vacuum 
nntil a pressure better than 10-5 mm Hgo was obtained., The time-lag 
curve was then determined for the selected current density .. 
3., 20 3 Time lag curves·. 
Fig .. l5 shows a typical pressure-time curve obtained at a current 
density of 5 rnA/em 2 in M/3 H2SO4 solution. Pressure/time curves obtained 
using M/3 H2so4 containing 8 mg/1 of As2o3 were very similar in nature? but 
much higher hydrogen pressures were obtained during the same period of 
electrolysis!) as can be seen in fig a 16 .. 
It can be seen also that the pressure/time curves are more complex 
than the theoretical curves shown in Fig .. 19 and the curves obtained at the 
elevated temperatures (Fig .. 12)., 
3., 2., 4 Diffusion coefficients 
The pressure-time curves exhibit two distinct ｰｾｴｩｯｮｳＺ＠ an initial 
and a secondary curve which correspond to two regimes of diffusiono Both 
of the curves are similar fron1 the mathematics point of view L e .. they both 
resemble the theoretical time-lag curve of fig., 1.. These are equivalent to 
an initial fast diffusi.on ·with low time·-lag value Ｈｴ Ｑ ｾ＠ followed by a secondary 
stage with larger time-lag value (t2) .. When the corresponding time-lags are 
substituted in the equation: 
D 6t 
0 
(2) 
they yield quite different D values.. Although the initial (higher) coefficient 
could be determined accurately from the pressureitlme curves, only an 
approximate value could be obtained for the secondary stage this way, since 
extrapolation to zero pressure or the initial pressure as required by the time-
of 
lag method is impossible., However, the logarithmic methodAiandling the data 
(Section 1.. 3., 3) to yield a straight line proved useful in these cases since only 
a portion of the pressure/time curve is required to obtain a straight line.. Thii.s 
method was also found particularly useful for the calculation of the diffusion 
constant from the early portion of the secondary regime, rather than waiting 
an hour or more for the attainment of the straight portion corresponding to the 
establishment of a constant rate of flow .. 
The two stage pressure/time curve of Fig. 15 replotted to give 
logarithmic representation according to equation(6.), is shown in Fig.l7. 
The two branches of the composite pressure/time curve thus yielded 
two straight lines. The slope of each line can be substituted in equation(7} 
to give an accurate value of the diffusion constant for each process. 
Values of D corresponding to the fast and slow diffusion regimes 
for different membrane! thiclmesses were thus obtained. Colunms 1 to 4 
in Table 8 give the conditions of electrolysis and the two D values for 
palladium plated n1embranes, and Table 9 similar values obtained with 
unplated membranes. The initial fast diffusion region was difficult to 
detect on the 1 mm membranes in pure M/3 H
2
So4 ; the total pressure rise 
was not more than 1. 0 micron over a period of two to four minutes in a 
volume of 200 ml. The pressure rise corresponding to the initial diffusion 
was more pronounced with thinner membranes, and the addition of As2o3 
to the electrolyte made the effect obvious only at very high pressures (Fig. 16). 
Here the secondary regime (slower diffusion) could be easily missed by ignoring 
the slight change at about 15 microns. 
Diffusion coefficients obtained from the study of the initial fast regime 
under different current and voltage conditions are given in Table 10, column 2 
3. 2. 5 Variation of diffusion coefficients with current density in the electrolyte 
Inspection of the initial fast diffusion coefficients revealed a dependence 
on current density in the electrolyte. Fig. 18 shows a plot of the D values from 
Table 10 against logarithm of the corresponding current density (c. d.). The 
logarithmic plot w·as adopted arbitrarily in order to expand the low current density 
range, where an upward trend of the D values with increasing c. d. had been noticed • 
..__ _____________________________ ________ - --
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Curves for both pure and the arsenical acid solutions are given., 
It must be emphasised that these coefficients were determined 
after previous precharging at a low c .. d .. , followed by outgassing.. A large 
number of preliminary results were rejected because of effects obviously 
due to Inadequate precharging procedures.. A peak can be seen in the 
D/c .. d .. curve at approximately 30 rnA/em 2 for the pure acid, and at about 
40 mA/cm2 for the arsenical solution., The lower D values obtained at high 
current densities showed a large scatter .. 
Permeation values 
The linear portion of the theoretical time-lag: curve represents 
conditions of mass flow when a constant concentration gradient has been 
established.. The experimental pressure/time curves which show two 
successive diffusion regimes also enable the determination of two values 
of permeation.. However, values for the -secondary effect proved to be not 
always available.. Replotting of the curves to produce the rate -transient with 
the view of utilising equation(rofor the determination of the steady rate permeation 
from the early part of the pressure/time curve was found to be of notvalue since 
maxima were obtained in the rate/time relationship which made evaluation of the 
steady state per1neation impossible.. A study of permeation values for the 
initial fast diffusion has been made.. The values obtained with the pure and with 
the arsenical electrolytes are presented in the 4th column of Table 10., 
Variation of the :Qermeation values with current dens_!!y_in the 
･ｬ･｣ｴｲｯｬｾ･＠
An attempt w·as made originally to plot the permeation vso 
logarithm of the Co do in the electrolyte, on the same lines as the plot for 
D values (Figo 18), and a gaussian-distribution-type curve was obtainedo 
A fully logarithmic plot was therefore adoptedo A similar presentation 
has been used by other workers in results published recently (95) o 
When plotted in the logarithmic way, the permeation results 
resemble closely the diffusion constant relationship, with peak values at 
. 2 
approximately 30 rnA/ em for both electrolytes employedo As expected, 
the permeation values for the arsenical solution were much higher, in 
fact one order of magnitude higher than values obtained with the pure acido 
Experiments w'ith Thiourea Doped ｅｬ･｣ｴｾｯｬｹｴ･ｳ＠
Introducti.on 
It has been reported that thiourea causes severe embrittlement 
if present in electroplat:ing solutions (1) .. The effect of thiourea on the electro-
deposition of nickel, and the cathodic behaviour of nickel? were made recently 
by Roffey (148) .. A maximum was observed in the overpotential/concentration 
of thiourea relation in midd acidic media.. The maximum occurred at 
approximately 10-4 Molar thiourea content (3 .. 9 ｭｧＮＯｬｩｴｲ･Ｉｾｾ＠ This amount was 
therefore added to the M/3 H2SO4 experimental solution" 
Effects observed with thiourea 
When the thiourea bearing electrolyte was introduced to the 
electrolysis cell (Fig .. 6 Ｈ｡ＩＩＺｾ＠ a large throughput of hydrogen across the 
membrane was observed )Vithout any current in the electrolyte.. The rate 
of permeation was as high as the permeation from the arseni.c doped solution 
at the peak.. When the iron was polarised cathodically, the current contribution 
to the total throughput of hydrogen was negligible in comparison with the action 
.. 
of the thiourea alone .. 
Determination of diffusion coefficients 
This experimental observation presented a very convenient way of 
determining the D value without the necessity of cathodic polarisation of the 
membrane, that is,it provides a method for the determination of the diffusion 
coefficient at. zero current density . 
. : 
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The cell was washed thoroughly, and the membrane outgassed Wltil 
-5 
a pressure better than 10 m1n Hg. was obtained. Freshly prepared 
electrolyte was carefully introduced and the pressure in cell B recorded from 
the time of contact of the solution with the membrane. The time-lag curves 
obtained did not exhibit a dual nature as was the case with cathodic charging. 
A logarithmic plot of one of the curves resulted in a straight line which proved 
that the original pressure/time relationship was a theoretically valid time--lag 
curve.. Table llA shows the coefficients and the corresponding time-lags for 
a membrane 1 mm thick. A remarkably consistent coefficient of 4. 2 x 10-5 
was obtained in this way. A calorimetric test after one of the experiments 
revealed fairly high concentration of iron ions in the electrolyte. 
3.3.4 Anodic pol!!risation of the iron 
The effect of anodic polarisation on the permeation rate was also 
studied.. A freshly prepared solution was introduced into the electrolysis 
cell and a constant rate of permeation obtained. Cell B was then evacuated 
and the rate of ｰｾｲｭ･｡ｴｩｯｮ＠ measured again. At a convenient n1oment the 
membrane was anodically polarised with respect to aPt cathode. High 
evolution of hydrogen could be seen on the platinum, but there was no oxygen 
bubbles evolution on the iron at a current density of 230 mA/ em 2• The applied 
voltage rose slowly from L, 4 to 1. 6 volts. Mter about 140 seconds, the voltage 
rose suddenly to a maximum. of 3. 6 volts, then eased to 3. 45 volts; at the 
same time the current density decreased to 100 m.A/cm2, and oxygen bubbles 
started evolving at the iron surface. Simultaneous measurement of permeation 
yielded the pressure/time relation given in Fig. 20. 
It can be seen that anodic polarisation decreased the rate of 
permeation of hydrogen, in two stages, to a very low value corresponding 
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to the evolution of oxygen bubbles. A number of such tests }lVSif®JPe,rfbmned and 
each time the incubation time for the appearance of oxygen was takeno The 
results are summarised in Table 12. Agitation of the solution at zero 
current decreases the permeation of hydrogen quite considerably. 
Determination of time-lag curves after the anodic polarisation 
If polarisation is interrupted for about a second during the oxygen 
evolution stage, (a time sufficient for the electrolyte to come in contact 
with the metal surface) the oxygen bubbles evolution ceases and a higher 
permeation of hydrogen occurs after a certain time lago The evolution of 
bubbles then took approximately 120 seconds to restart .. 
This observation offered another way of determining the diffusion 
coefficiento After establishing the evolution of oxygen bubbles and a negligible 
rate of hydrogen permeation, anodic polarisation was terminated and pressure/ 
time measurements were made in ｾ｣･ｬｬＮ＠ Bo The time-lag curves obtained were 
of the expected theoretical form and details, together with the respective D 
values, are given in the order in which they were determined in Table 11 (B) o 
The time-lags decrease progressively (lower D values) although an increase 
might be expected on the basis of changes in the membrane thiclmess as a 
result of corrosion. The accumulation of iron ions in the electrolyte ＨｾＬＮｾ ﾷＺ ｟［［＠ . .l(_;,\ 
must have a significant effect, but the first D value of 3 .. 3 x 10-5 em 2 sec -l, 
quite near to the values obtained previously, can be taken as reasonably free 
from interferenceo 
3., 4 Forced Diffusion 
·-------·--
Elevated temperature experirnents and experiments at the 
ambient temperature were performed to detect the influence of high 
D. Co currents on the diffusing hydrogeno The cell used is shown in 
Fig.,6 (b) and Figo8o 
A constant permeation rate of hydrogen was first developed 
and its subsequent variation observed during the passage of a current 
2 ;f 
equivalent to 300 A/ em at 0 o Olrolt/ em.. A slight increase in permeation 
has been noticed at the higher ｴ･ｭｰ･ｲ｡ｴｵｲ･ｳｾ＠ but it was accompanied by a 
simultaneous temperature rise caused by the currento No variation could 
be detected with superimposed currents in the room temperature 
experiments o 
Currents and voltages of the magnitude applied in the present 
experiments therefore do not seem to exert any measurable influence on 
the diffusion of hydrogeno 
In the discharge method the amormt of hydrogen permeating 
through the plate was very small" In addition .the discharge produced an 
increase in temperature of the membrane, thus malting the results very 
difficult to interpret" Mter prolonged discharge the wax began to melt 
and the seal between the two parts of the diffusion cell was broken .. 
An increased throughput of hydrogen through the cell was noticed when 
some so2 was added ｡｣｣ｩ､･ｮｾ｡ｬｬｹ＠ to wet hydrogen., It was feared however 
that the SO 2 added may subsequently contaminate the evacuation train 
and the whole procedure was abandoned.. The cell however can be used 
for diffusion processes, provided a better seal for the membrane could 
be devised such as sealing the membranes into the glass.. This cell 
is well suited for varying the conditions on both sides of the membrane 
at will., 
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30 6 .Metallographic Examination of the Membranes 
For the first experiments with the high purity iron (J o M o ) 
membranes were prepared from the as-received materiaL Very pronounced 
blistering was observed after the membranes had been charged with hydrogeno 
In certain cases the force with which the blisters enlarged was high enough 
to lllt the membrane off the glass and cause leakage of acid into the pre -evacuated 
ｳｹｳｴｾｭｯ＠ In addition, hydrogen evolution at zero current increased after every 
successive determination of the time-lag curveo After four to five of such 
determinations the hydrogen evolution became too large to warrant further 
experimenting and the cell had to be dismantled. 
Metallographic examination revealed presence of holes throughout 
the section including large blisters on the vacuum side of the membrane which 
had been already observed visually. Examination of the as-received material 
also revealed a number of small triangular holes, typical of material produced 
by the powder metallurgical techniqueo Results obtained under these conditions 
were rejected and experiments repeated on membranes prepared by rolling the 
3:s-received material to give approximately 50% deformation., followed by 
vacuum annealing. No blistering could be detected on material treated in 
this manner, even ｡ｦｴｾｲ＠ long exposure to cathodic treatment, and this method 
of preparing the membranes was adopted as a standard procedure. 
96 
Pi.ral'l;i 
!Jt:l.u.J e h(LQ.cl @ 
DIFFUSION CELL 
Pirani- (j) 
ljt;(.tA.9a. f. ea.d 
oil 
ma.n o:n ｾ＠ ter 
va..rcu.r 
t-rr.;_p 
3- wa.y 
ta,p 
ｶ｡ＮｾｯｶＬＮ＠
t.,.Q.f 
1> lffusi. ｯｾｴＮ＠
＿ｵｾｮＮｰ＠
FIG.5. DIFFUSION CELL AND HYDROGEN PURIFICATION UNIT 
ｾ＠ HjdroJ(Ln. 
f-rom. ｣ＮＺｾｌｩｮＮ､･ＧｬＧ＠
HJ ma.n.oJJtet<tr 
ｾｯｳ＠
PURIFICATION UNIT 
Ycta ＧｾＧｊ＠
ｲｷｾＯＧ＠
:.0 
ｾ＠
..... - ......... --
______ _. 
ｈｾｳｯＬ＠
D.C. 
__...,.. to ｾ｡ＮＮｵＹ･ｳ＠
anel f"»«-fS Ｍｾｾ＠ to 9t:l4.!f<t -s ｡ＮＮｾ｡Ｎ＠ｾＭ W a.lec:I'Yodq, 
(a) 
FIG. 6. 
(b) 
DIFFUSION CELLS 
(a) FOR LOWER TEMPERATURE WORK 
(b) FOR THE FORCED DIFFUSION(! 
98 
99 
FIG. 7. THE BASIC CELL. 
n.c .. 
B 
Pel plating 
.....-F+-- Fe. 
(Au plata-cl) 
N 
elect't"'ocl..fts 
__ --... to fUinf" 
a.ncl s OUI-'Ce ef H, 
FIG. B. DIFFUSION CELL FOR THE HIGHER ｔｅｍｐｅｒａｔｕｒｅｾ＠
L-----------....-...------------------ -- --- - -- ----
101 
II 
FIG. 9. 
ｦｬ ＺｲｾｾＭｮｲＺＺＧｦｩＺｊ Ａ Ｎ Ｚｲ ＢｬｦＧｲ＠ \f' 'f;:r ... ;-,-,. " · ｾ ＡｔＧ ｦｲ Ｇ Ｇ Ｇ ｦＧ ＧｔＬＮＮＮ ｔ Ｂ＠ l'l T'l l I, ｾ Ｍ Ｑ＠ P j'' ' l"'J "·Trr · I a I ﾷﾷ ｾ Ｑ ﾷ ﾷ＠ ; ... , ! Ｍ ｾ＠ ﾷ Ｚ Ｇｾ Ｚ＠ ···r:. l· ·J ·1··o.s I ·1 ·1:::-r J.• !. · ｾ Ｍ ｉ＠ 1 ·l ｯＮｾ＠ ·! ｾＭt ; . - I •.. J . ,.; l . I r·. -. l. I I . - • Ｍｾ＠ .. , , I I. I . -_ , .I. , J. .. , • I ' I I .. ' I I ' J. . I . • I . I . J .. ! ｾ＠ : . t : . ; ; .. i ... ·I : .. ' : : . J . • I .. ! .,. . I ·I : ; : t . • ·I : I . . ! i . ·I· f . . . ! .. l . ·I . . i -: I I· . 'l .. ; _ _. . . .i:.: I " . L.. .-· ' i·.: t· .J::. : . I . -: ::1 .. .. -: j .. !. :I . . . . ... f. :·I -. .. ·. . . . . l 
: I' j' i I I 
D-1 I . 
i 
r 
I 
11 o t1 'l ｔ Ｑ ﾷ ﾷ ﾷ ｾ ｲ Ｂｬｬ ＮＮＮＭＮＺＭ ｬＧ ﾷ Ｎ ﾷ＠ '1.'- j ll.' ·'lj. ' ?I:J ! I . I. l :. ; ... ! f: ...... _( ［［｟ ［ ＺＮＮＮ ｾ＠ .... •I
. ., I l : O•t : : J. f.O i 
• • I • 1 ... •· .! .. / I I [ Ｎ ｬ ｬｾ＠ ;@/ . 0.15' Ｎｌ｡ｾ ｟ﾷ＠ i 
,, Ｌ ｾ Ｎ Ｎ＠ Ｍ ｾ ﾷ Ｚ＠
s· .. J : L _J_ .1 _ .:. . .:.. .. : Ｍｾ Ｍ Ｍ 1 , • 
- j;"1'-' ., 1_,., ... ,,. ... ;. r•vff . tl r •t?!''l n•n··1" I ｾﾷ＠ , .... ｾ＠ f ' ': ... J ｾ＠ ... Ｌ ｾＬ＠ "li.! 11' ﾷｾ Ｎ＠ r• -r• ｾ＠ ... !'VI' • Ｎ ｮ ﾷ ｾ ｔ ｲ ｩＧ ｾ ｩ ＧＧ Ｂｬ ＮＭｲ Ｇｉ ｔｱｲ Ｚ Ｇ＠ rr•. v. I ltlf' ｾｾ＠ ., .. .. ｾﾷ ｉ ｴ＠ p J'":' rrr· • ! f' I,,,., . ｬＧ ＧＢ ｾ ｲ＠ ｴ• ＭＮＺ ｲｾ ﾷ ［ ｾﾷｲＮ ｲ• ｱ＠ ｉｾ＠ｾ＠ : i .,., · ! .. ,.J. :,., . _.If. .. " . ｾ＠ ·6t' 1·_· ;· a,;t · : · :01·1 l ﾷ ｯ ｾ Ａ＠ .. ｾＭ ｾｩｩ ｪ＠ Ｎｬﾷ ＺｴｾＬ ｟Ｍ ｩ＠ · :· 1-1 ﾷ ｾＭｳ＠ · ＬＮ Ｍ ｾ＠ ＭｾＭＭﾷ＠ ,., .. :. ,., ; ·: ＬＮＱ ｾ＠ ·:· --;,. 
I:. :L .;: > ;,-: : ! · ·.: !· .1· . .: ｾｬ＠ 1 : ·: !_:_ ·.1·: ·:: .J·· ｾ ＺＭ t . · 1 .. i: :I - ! ! I: ·r Ｚ ［ ｦＮＺＺｬＭ ｾ Ａ ＺＺＺＺｬﾷ＠ -, .. =· · 1 = : 1 ; ;-. · ｽｩｾ Ｚ＠ : ｾ＠ ﾷﾷ［ ｟ ｾＬ Ａ＠ 1 . . ! '! : .. . --1· . I . I "' I. .. .. ... L .. . . • .. . . I - . ..... J. . , .. . - .. . . ' 1" - ,-- .. . Ｍｾ Ｍ Ｑ＠ - .. -1- .. , . . -'I' .. ｲＮｶｾ Ｍ Ｑ＠ O·Si·y.-J J ' ;·.+ ::i :: ; <- · .: l : -·: ; f:; ,. ｬ ＭＭＭｾ ｾ Ｍ .- :r.- ... !:: ;: 1: Ｍｾ Ｚﾷ］ﾷ ｫ＠ ·! : .·;; :.: i .... l Ｚﾷ ＺｊＺ Ｍﾷ Ａ Ｍｾ ］ ＮＭ ｾﾷ ＱＧ ﾷＺ＠ ［ ｾ＠ :1 :;_: .· j · : .1 : ; : : · · . _t_.)_ ＭＺ Ａ ﾷ ］ﾷﾷｾＺ＠ ... ·{ 0L_:-f , · 
ｾ ﾷＺＭＺｲ ｲ Ｎ ｴ ｴ ｲ Ｇ Ｔ ｦＧ＠ !I' ﾷ ｾ ｔ Ｇ Ｇ＠ .,... ｾ ｬﾷ ﾷｾｾ ｦＧ ＧＡｔ＠ ;!lf . ｾＬ ［ Ｌ＠ ••. , : · ,, .• ,,..'l' ··r .. • Ａ ［ • ﾷ Ｂ Ｇ Ｎ Ｂｬ ﾷ ﾷ Ｚ ｾｲ ｱ ｾ ｲﾷ＠ 'j" ｾ＠ r ''lr' r '''1'! ｩ ｬＮＭﾷ ｲＮｾｾＬ ｾ ﾷｾｾ ｾ Ｍ ｾ＠ ｲ • ｬｴｲ ｾ Ｚ ｲＭＧ ｲ Ｂ Ｚ＠ •. ｾ ﾷﾷ＠ ﾷ ｾ ﾷ＠ l , •.• ')&• '" . tj. Fl''jl' '' rf1'J I · t '11" ••• ·r·; Ｑ ﾷ Ｑ ［ ｊ ｾ ｾ ｾ ［ｲ＠ ｾ ｴ＠ 2."1' ·:··t:. !: ｾ ｾ＠ . :: . ｾｾ＠ . I Ｐﾷｾ Ｌ Ｎ＠ ·: I ·. t• j i ' ｴｾ ｬ ＺＺ＠ ,.Z, !:.· ·f:_ .,., _  ! J ﾷＭ ｾｾ ｾ＠ Ｎ Ｇ ＺＮＺＮ Ｇｾ Ｚ ＡＮ＠ j: : • 1:·:.1 ﾷ ｾＱ ｬ＠ I .a;, f " l .. , z..• l· ! ｾﾷ ｬ＠ "i:. ｾｊ［ Ａﾷ［＠ .{ I . ' . . . " ' '. . • . .. • 'I . I. .. . I I. .. I . . .. . ... . . I I I . I · I n:: 
I== .·. • . .. J 1 .. j . 1· 1 
.. 1 ... 1 "j· .. 
1 
.. 
1 
.. 1-.-
1 
..... 1 .. , .. . 1, ., .... 1 .. .. , . . 
1 
.. ·I. 
1 
... 
1 
.. ! .. Ｑ Ｎ ｾ＠ .. 1 ... 1.. . - .... ,. .. . . .. .J . / .. I 1· 11 c ｾ＠ to ., .. : 1 .. 1: ! : , . . , .. , .. ··,: ;:- 1. :: ., · .. :1:: J .: J · .. . ·.·:.: ::·: _: r:-; 1=.: 1::· !·;: .: ·.· ,::· ···:: =. ·.it :_ ).:. : .: r =:-1· ; ·.I 1 _ .. t. : :: J.·, · ｾ＠ i . i i ﾷｾ ＮﾷＺ ＭＱＮ＠ 17; 
I 
ﾷ ﾷ ﾷ ﾷ Ｎ ｱ Ｎ ﾷ Ｍ ｔ ﾷ ｲｾ Ｇ Ｂ Ｇ Ｂ Ｇ ＧＧ ｦ Ｇ ｬ ｬ Ｇ Ｚ Ｇ ﾷ Ｇ ｬＢ ＢＧ ｬ ｬ ＧｦＧ Ｍ Ｇ Ｇ［ ｲｲ ﾷ ｲﾷ ﾷ ﾷ＠ ···-' ·( ·' t' : tr. tl. ' '" I ' 1)'' 1 ' • ( f f l r .. t l lr . :s t . r · r J' ' .:T J: ( "f 't .t ' l"'r · · ·· tr"T.!l U J I' ｲｲ ﾷﾷ ﾷ Ｎ ﾷ Ｎｲ ｦ ｲ ﾷ ｲＮｴ Ｚ • ﾷＮ ｴ ｲ ｲ Ｎ ｾ ｾ ﾷﾷ＠
. : ·.- ! .· . t: :; .. ·-·: ·h ·· - .. Ｚ Ｎﾷ ｾ＠ .· . i : i .. : .. ｾＮ＠ ﾷＮＺ ｩ ｾＺＺ Ｚ ｩﾷ＠ .. :· .. : . , l. .. . !· .. ! : .;· ｾ Ｍｾ＠ ＮＺ ＺＺｌｾ ＮＭ｣＠ I ... _ ., : ·i· ｾ Ｎ＠ L .i: i ; i : ｾｊ ＮＭＮ＠ t. :<: ｾ＠
"': .. ｾ＠ .. H r Ｍ ｾ＠ .. 'H· ·. r · ' ,. : :.· 1-0 . . . · l:S . ! ' ! J.D·· : J.S : f-0 .. 1,.1 t .!·$0 . H ·H . I f.t ｾ＠ ' 7"0: .. - ,.,. .. r ., r f . r ; i .i. r :. , .. . I ·.·' .. : . . : [. I ·; l I · • • . l . ; ': I :- ! . ; ; . - ; : : I : I : ｾ ｉ＠ : r.· ; - t 1 . • .. I . ' I 1 ... 1 ｾ＠ 1 . • .. , : • . . 1 • • 1 • 1 • • 1 , r .., • _ • ｾ＠ • 1 j ' ,. •ｾ＠ ｾ＠ • ' • 1 • • , • t ' ·J • • • : ! : f • : .1 t : • 1 ' • • i t l ... -,.. · ·.: • .I 
t Ｑ ＭｾＭＭＭ Ａ Ｍ ＮｩＭﾷ ｬＮ Ｚ＠ __ Ｚ｟ ｬ Ｎｊﾷ ｊ Ｎ ＺＮＺ ｾ Ｚ＠ ＮＮｊ ﾷｾＮｌＺＮ Ｎｩ Ｚ＠ .. · ! · ! .: : .: : . - I ｾＭ i.: l. .. L:_.l- · 1 ·l J ｾ＠ : .! r I· P I Ｍ ｾ ［＠ .· ; Ｍｾ ［＠ .. l :.:1 
t • ｾ • •＠ • "'-- '-• oJ I I t • ' I ' . 1 ' t l': f • '• t • f' · ••& .!' ' 1 '' ' r · 0 I • ' ' i t ﾷｾ ﾷ ﾷ•＠ '' t ' <' ' ; 1 ' t ·-· t • 4 ••••• • -• •• ｾ＠ - •! • • J , .i. _ . ＮＺ Ｚ ＮＺｾ＠ ; .,.:__ _! ..:::r..-::-.1.:... ＺｴＮＺ ｟ＺＺ Ｎ • ＮＺＺＬＺＺ ｴＮＺ｟ＭＺＮＭＮＺｲＭﾷｾ Ｌ＠ 1 '!.. . 
f I ! • •r·' j ｾ ｉ Ｇ＠ J ｲＧ ｾ＠ ｮ［ ｲＭｲｲｲＺｲｾｾｾＧ ｬＮＬ＠ ﾷ ｾ ﾷ＠ 1' flt :"q "H' r.l ,., ljl , ,,,,,..,. , 11'1-'l'l•tl Ｇ Ｇ ＧＱｻＧｦ ＢｦＧ ｦ ｬ ｬＧ Ｇｬ Ｂｦ ｾ ｴｮＧＧ ＢＡ Ｑ ＱＧＧＧ ｩ ｮｲ［ ｾｮｾｲｾ ｮ＠ 1'"'1' '' ｲＺＢＧｬｲ Ｌ ｴｲｲｲ［ｮＢｬＧｮ＾［ｦｦＧＧ ｔｉＡ Ｈ ｾ ｬＧＢｊＢＢｉＢＧＧ• Ｎ ＧＢＱ Ｌ ｾＢＱＱｦＧｦＧｲｐＧｾｊＧＢＢｦ＠ ·r··r . , 
· I I I I • . ., I t . I .. I I l l l I l ' ,. j · I . , ..... . ' I ' I' ' . I I ...  i. ｾ＠ f· .J·--.-, , ' 1 ' • • :· , ·: l·.· .·:: . .. r·! I f. , c [·: lf • ! :, ; • . l·,· ··!· ,·; ｉｾ＠ . li : i ,. : I .: J7i ［Ｎ ｩ ＬＮ ｾ Ｍ ＭＺ ＭＮ＠. l . f I I • I . .. i' I I I t • I . . I I . l ., I . • ! . ' . . . . ｾ＠ I V . . f/lllll .. .I .... Ｍﾷ ＭＭ ｴＮ Ｍ ｾｾＭＭ .:.. . = .. ,.···1-.. .-, . ·' - --• · .. , . ·k .'f .. , ... ,. ·r· .: .. ' .. i j .. , .. ·r.. .. ..L. ; ---! ·I . ., . , .. f ., .. ,. .. .: .. ..  -.....!.: · .. : _ __ ｾＮＮ［Ｎｾ Ｑ＠ｾｾ ｌ ﾷＭ Ｂｌ ﾷ Ｎ Ｍ ·' . :: :·-:: ·:::l."; l·· ｾ ﾷ＠ =· . :., : ·; _'j- .. :; ·:_, -! .. !.· .. : . : . . . : :' .. : . · .. ! .... [ I I i i : I l i . .I_: .. ·; .. :. ｾ Ｍ ·- 1 · ::+ :-1: : J-.. ·!--:.L :.:. Ｚ Ｚ Ｚ ＱＮ Ｚ ﾷＺｪＭ ﾷ］ ＺＨｾｾ＠ .. ｾ ｲﾷＺ ｊ ﾷ＠ ·1· k: i <cJ L ' .:j. j l: .j.: -l.- --l·- ) .. --11·::: r:::: ::-L-- t· L· =: ! - ·; .. Ｚ ｾ Ｚ＠ :· :· -- ; · ｾ ｪ＠ t.. P, · ｾ＠ ｾ Ｑ＠ .• Ｍ ｾｾ Ｍ ＱＮＮ Ｍ ｾ Ｌ＠,_;;:: r ., :.:.1 ... :, l ._: • . _:!.:._:l:..;,: , .. ·.i _ .L:..- 1.:..:L i , .. J • ' -- i ___ . . l :: ___ r .. :. ｾｾ Ｍ ＧＺＮＮＭＮ ｌ ｾ ｾ＠ .-_}_ J..: __ F :l. . i - ! : 1. . . :. ｾＮＮＭＮｌＭｊ｟＠ .r . ·[ ::i..;:.L::J . :.:..J 
t·_ . .. i i . ' .. ｾ＠ . ,-:·· ｾ＠ I !_1_1' .,, I i• ·:. ' i' t; . ｾ＠ I . . I I I, I . I r I I'' . ., :' ''lf'' !''1"l'fl" ... lt'" '1rr•'T"1 ! I 11ft f ｬＧｦＧｬ ｾ Ｌ Ｎ ＬＮＮＬＮＬｦｬＧＭＮＮＱｵＡ＠ ': :' ｾＭ Ｚ＠ . ｾ ＼ Ｎ ｉ＠::- , .. · z; 1 ·I , . ｾ Ｚ＠ ., 1 I 1 111 · ·t · : · 11 , 110 ! ｾ Ｍｲ＠ ｾｯ ﾷ＠ :1 :.toi • • 10 ,:, ,IH ,._, · ＺＺﾷ ｾ＠ · /L! Ｆｦ ｾ Ｍｪ＠I . . , . '"J . . I I I ; l . I I ' I I I •AI I • · ｾＰｾ＠ /0 . " t . .. - ·t . . .... · ·I· ... , . 1 I • f- .. ·-·1- -- . .. . . -- -·-- ., .. .. I • • - · ·1-- ' I . ... _,_1 . 'I., . .... ··---·-[.;·_ :. ; ｾＭ ＮＺｾ ﾷＭＭ __ 1._ __ ; .. ＭＭＭｾＭ ｬ＠ .. i .... !. : _J _. i ·_ j .. l .·: - - - : . ｾ＠ -- -. ＭｾＭＭ -__ j __ ｾ＠ __ :_ :-L.L .J. .: -: : : :. ! ＭＭ ｾ Ｍ .L 1 I . . L. : . j ::·1•:_:-:. 
FIG,lO. NOMOGRAMS 
...... 
= ｾ＠
103 
I 
0 
0 10 .50 
time [min.] 
155°c 
FIG.l2. PRESSURE-TIME CURVES AT ffiGHER ｔｅｍｐｅｒａｔｕｒｅｓｾ＠
104 
ＱＰＳｾＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭｰＭＭＭＭＭＭＭｲＭＭＭＭＭＭＭｾＭＭＭＭｾ＠
0 I 3 
J.2. 
l>=-ttm 
= 3•25 • 10-11 Cnt2SC.G1 
s 
' 
FIG.l3. LOGARITHMIC REPRESENTATION OF THE CURVE AT 155i°C IN FIG.l2. 
105 
106 
... 
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FIG.l5. PRESSURE-TIME CURVE FOR 0.043 em MEMBRANE AT 25°C 
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FIGol8o VARIATION OF THE DIFFUSION COEFFICIENT WITH CURRENT 
DENSITY IN THE ELECTROLYTE. 
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SECTION 4. DISCUSSION OF THE INITIAL RESULTS 
4.1 Diffusion Coefficients 
4., 1 .. 1 The "barrier" hypothesis 
The initial branch of the composite pressure-time curves yields 
-5 2 -1 
values of D of 2 x 10 em sec for the Pd plated membranes and 
-5 -5 2 -1 2 x 10 to 5. 5 x 10 em sec for bare plates. The D values are 
independent of thiclrness of the membranes, but vary a little over the 
range of current densities employed. These room temperature D values 
agree very well with the extrapolated high temperature value from the current 
work (Fig· .. 14) and those reported in the literature (Table 2)., 
The second branch of the pressure-time curves yields 
considerably lower ｶ｡ｬｵ･ｳｾ＠ and these vary with membrane thiclmess, curr.ent 
density and possibly voltage conditions in the ･ｬ･｣ｴｲｯｬｹｴ･ｾｾ＠ The_ values obtained 
in the initial stages make it fairly certain that the hydrogen diffuses in 
accordance with the accepted activation energy for high temperature diffusion .. 
It follows that some kind of barrier must be created during the experiment to 
give an effectively luw.e\1?. coefficient in the later stages. The secondary 
branch of the composite pressure-time curve is, however, of identical 
mathematical form to the first branch, differing only in the higher value of 
the intercept (t2).. Normally, if D remains unchanged, an increase in the time-
lag (t ) can only be obtained by increasing the thickness of the specimen. What-
o 
ever the cause of the observed phenomena may be, it can be considered in terms 
of the formation of a ''barrier'' that builds up during the initial stages of the 
diffusion and which causes an iron membrane of thiclmess Ｈｾ＠ to behave effectivel;y 
as if it had an increased thickness, (d + .d d).. Such a barrier must be considered 
quite distinct fro1n any form of pre·-existent traps since these would lead to a 
reduction in the primary diffusion region.. The fast initial rate observed indicates 
ll4o 
that the precharging procedure used in this work removed any interference 
from pre-existent trapso The effective thiclmess of the postulated barrier can 
be calculated in terms of an additional thiclmess increment of ironl) Ad (cmoFe) o 
From Figso 15 and 17 and equations (2) and (7): 
true initial D = 
likewise for the secondary slow diffusion: 
apparent D 
d2 
= 
6t2 
d2 
= 4m2 
Assuming the presence of a barrier 4 d (em .. Fe G) 
in the latter case: 
real = (d + ｾ､ｾ Ｒ＠D . 6t : 
2 
(2a) 
(7a) 
(2b) 
(7b) 
(2c) 
(7c) 
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s. 
We then have from (2a) and (2c): 
AdnfJC:J - 1 em. Fe (approximate) (52) 
From (7a) and (7c): 
em. Fe (accurate) (53) 
Values of 4d obtained in this way are listed in columno of 
Table 8 for the Pd. plated iron and column 5 of Table 9 for the unplated iron. 
When the thiclmess of the postulated barrier, fld (em. Fe) is 
plotted against the current density in the electrolyte the relation obtained 
can be approximated to a straight line which can be seen in Fig o 21 and Fig o 2· 2. 
The straight line when extrapolated to zero current density, does not pass 
through the origin, but makes an intercept of 0, 05 em for the Pd plated ｭ･ｭ｢ｲ｡ｮ･ｾ＠
and 0, 2 em approximately for the bare iron. So it appears that a finite effective 
barrier would be produced in the course of diffusion at zero current density, that 
is without the use of an electrolytic means of hydrogen introduction. 
4.1. 2 Explanation of the membrane thickness effect 
As previously mentioned, numerous authors have reported a me1nbrane 
thiclmess effect, that is increasingly lower D values are obtained for iron and steel 
memb:banes of progressively decreasing thiclmess. Fig. ·23 shows the correlation 
between D values (at the room temperature) and the corresponding membrane thicknes 
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obtained from the literatureo , Similar correlation was obtained by Raczynski (70) 
at 90°C from time-lag curveso If it is assumed that great majority of the values 
reported in the literature have been computed from the secondary effect 0 then 
these values 'are all subject to an error induced by the formation of a barrier a 
Under similar·charging conditions the effective barrier thiclmess 
should be the same for thick and thin membraneso In the case of thick membranes 
this contribution may be insignificant; however the effective barrier thickness 
may be larger than the actual membrane thickness if the membranes are much 
thinner than 1 mmo with palladium plating and 2 mmo for the bare irono 
The equations used to obtain diffusion coefficients (equation (2) and 
(7))are of second order with respect to the thickness of the membranes-if the 
contribution of the barrier is disregarded, the diffusion coefficient obtained from 
the second regime, using the actual membrane thiclmess ｡ｬｯｮ･ｾＩ＠ will invariably 
be abnormally lowo If the barrier hypothesis is valid, values can be corrected by 
assuming diffusion through a composite membrane whose thickness is the smn of 
the actual membrane thiclmess and a barrier thiclmess (d + ,L\d)o From equations 
(2a) and (2c) , and (7 a) and (7 c) it follows that: 
D = D x (d + 8d)2 
true apparent d .. - (54) 
Since a variety of conditions were used by other authors to obtain their D ｶ｡ｬｵ･ｳｾ＠
an average value for fl d = Oo 25 em for the bare iron, has been used from FigoZ2 
to correct values obtained from experiments using electrolytic methods of hydrogen 
charging, and the (zero current) extrapolated value of ll d = Oo 20 em used where 
0 
hydrogen has been introduced in other wayso 
Table 13 .. gives some experimental D values taken from the 
literature together with derived D values obtained :in accordance with equation (54) .. 
The latter can be seen to fall within the same order of magnitude despite the 
variety of conditions tmder which the experimental D values were obtaineda It 
would seem therefore that the hypothesis of a diffusion induced barrier can 
exaplain and eliminate the anomalous thiclmess effect.. The wide range of reported 
D values can be transformed to obtain a more consistent diffusion coefficient 
for hydrogen at room temperature. (Fig .. 2 3) .. 
Veysseyre, Azou and Bastien (67) also obtained very consistent 
results and their experimental curves are of the expected theoretical form .. 
Their experiments were conducted by pretreating the membrane in a similar 
way to present work, but the membrane was then charged at a low current 
density and the actual experiment was conducted by changing rapidly from a low 
current density to a very high one.. Such experimental conditions could lead to 
the formation of a barrier before the main measurements were ｴ｡ｫ･ｮｾ＠ and their 
results are in fact consistent with the slower regime of diffusion reported here .. 
Curves obta:ined between room temperature and 400°C by Eschbach 
et aL (64) show a similar dual nature to those obtained in the present worko 1f 
the barrier hypothesis is applied to their results, an effective barrl.er thickness 
at 253° C can be calculated for their ferritic-pearlite steel (0 .. 12 C .. , 0 .. 53 Mn, 
0 .. lSi) of 0. 30 em wall thiclmess: 
D 
apparent 
D 
true 
= 
= 
-5 2 ·-1 L 2 x 10 em sec 
.-5 2 -1 3 .. 2xl0 em sec 
= 
The comparison of L\ d obtained in the present work and a value of 
0 
· 12L 
d d = 0 .. 11 em at 253°C indicates that the effective barrier thickness may 
decrease with an increase in temperature .. 
Location of the diffusion induced barrier 
From the assumptions made in deriving corrected D values it is 
not possible to deduce the precise location of the diffusion induced barrier .. 
It is likely that an appreciable part of the barrier is situated on the input side 
of the me1nbrane, since thiclmess of the barrier varies with cur.rent density 
in the electrolyte.. However the finite A.d value obtained by extrapolation 
0 
to zero current density must also be considered. 
4 .. 1..4 Nature of the barrier 
Experiments with the palladium plated membranes as well as the 
possible decrease of barrier thickness with temperature, lead to the conclusion 
·- that·· Ad 
0 
results from either the for1nation of a thin layer of iron supersaturated 
with hydrogen 9 or, more likely, the adsorption of hydrogen on the surface.. A 
very thin layer of /1-hydride has been reported to occur on cathodic charging of 
a Ni-Cr steel (36), but this of course contains considerable percentage of alloy 
additions.. The decrease in the Ll.d with temperature is consistent with the 
0 
adsorption hypothesis since adsorption decreases with increase in temperature .. 
Electrolytic discharge of hydrogen on palladium requires much lower energy due 
to weaker adsorption bond between the hydrogen and palladium, and thus the low 
Ad obtained with palladium, strengthens the adsorption hypothesis" But this 0 . 
in turn would depend on the particular mechanism of hydrogen discharge, so that" 
with these initial ｲ･ｳｵｬｴｳＺｾ＠ it is not possible to determine ｴｨｾ＠ nature of the barrier 
in detaiL 
Two values of D were reported by Frank et aL (70)!) who employed 
iron plates and abrasion of the surface as a source of hydrogen.. If the two D 
values are compared in a similar way as reported here, a /Jd of 0.19 em is 
0 
obtained which is in excellent agreement with the barrier at zero current 
density 0 .. 2 em fotmd in this work, on the bare iron. 
4 .. 1..5 Variation of D with current density 
Neither is it possible at this stage to explain the variation of D 
with the c .. d .. in the electrolyteo The evidence for adsorbed surface hydrogen 
can only be studied in conjtmction with overpotential measurements to 
ascertain the state of the surface and the mechanism of the Hydrogen Evolution 
Reaction .. 
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Permeation Values 
Ex:elanation of the thiclmess anomaly in permeation 
It is interesting to note that Heath (88) and Raczynski (75) have 
shown that permeation increases abnormally with a decrease in membrane 
thiclmesso Curve I in Figo24 shows the values of Heath obtained at a current 
I 2 density of 200 rnA em o According to equation (10) the rate of flow P 
3 -2 -1 (em em sec ) is proportional to the reciprocal of the membrane thiclmess (d): 
p 
D C 
0 
= ·---d (10) 
A plot of permeation (P) versus reciprocal of the thiclmess should therefore 
result in a straight line through the origino If the same correction is attempted 
for perlneation as was made for the D values (Leo adding Oo 2 cmo to the membrane 
thickness) the departure from theoretical expectations increaseso In fact the 
permeability anomaly is removed by a reduction rather than an increase in the 
effective thickness of the membrane. 
Curve II is obtained by subtracting 6 d1 from the real thickness of 
the membranes, where Ll d1 is calculated by co1nparing two experimental flow 
rate values P1 and P 2: 
= (55) 
and deffective = (d (56) 
125. 
If part of the finite barrier Ad (as obtained from the diffusion experiments) 
0 
lies inside the membrane, this could contribute to the permeation anomaly, 
but furt:her work is clearly required to correlate the two effects" All that can 
be said at this stage is that the "barrier" is co1nposite in nature, and straddles 
the input side of the membrane. 
4.2 .. 2 Variation of permeation with current density 
The results obtained for permeation confirm the other results 
found in the literature. Thus permeation i.n presence of ｾｲＮｳ･ｮｩ｣＠ was an order 
of magnitude higher than with pure acidic solutions (the logarithmic plot of 
2 Figol9 shows a maximum at 30 mA/cm approximately, for each solution) and 
this is in agreement with the observation of Bauldoh and Zimmermann (106) 
for dilute H2So4 solutions. As already mentioned, with respect to D values, 
an explanation of the these effects required further data, although it is clear 
... 
that the increased stability of an adsorbed surface layer with current density, 
and possibly voltage conditions in the electrolyte, could serve as a tentative 
explanation of the maximum obtained" 
126 .. 
Effects of Thiourea Additions 
Nature of reaction 
Colorimetric tests made after exposure of the iron membrane to 
the thiourea bearing electrolyte? showed the presence of iron ions.. This 
suggests that the production of hydrogen is caused through corrosion of iron 
by sulphuric acid in presence of the thiourea? probably due to activation of 
the anodic reactions concerned.. Ingress of hydrogen into the metal can then 
occur through the poisoning effect of S-on the hydrogen evolution reaction .. 
The anodic polarisation of the iron can be regarded· as an anodic 
polishing effect.. The decrease of permeation during the first stage of the 
anodic process (the incubation period for bubbles formation) is probably due 
to reaction of the oxygen evolved with the hydrogen effusing from the iron .. 
The interruption of anodic polarisation for only one second retarded the 
evolution of gas by 120 sees D , and it is unlikely that the reduction of ferric 
to ferrous ions could be responsible for such a fast effecto It is clear that 
anodic polarisation is capable of stopping the ingress of hydrogen into the 
iron, and can result in dehydrogenation at least of the diffusible and adsorbed 
parto 
4o3.2 Diffusion coefficients 
The D values given in Table llA show a higher degree of consistency 
and are in excellent agreement with D values obtained from fherfast 'initia:f diffusion 
region., These are somewhat higher than the D values·.obtained from the cathodic 
polarisation experiments and correspond:-with the ｭｾ､､ｬ･＠ ｐＮｯＺｲＺｾｩｯｮ＠ of the D values 
in Figo l8o 
.... _____________________________ .......... ______ _ 
l27o 
Coefficients obtained after the interruption of anodic polarisation 
decreased with successive experiments. The lowest value is similar to the 
D value at low Co do As the same solution was used throughout, it can be 
inferred that the concentration of the iron ions in the electrolyte increased with 
each determination and had a retarding influence on the hydrogeno 
4. 4 Conclusions 
The results obtained in initial experiments are consistent with the 
results found in the literature for the permeation of hydrogen through the iron 
and mild steel membranes. Increased permeation has been obtained during 
cathodic polarisation in the presence of arsenic, and a maximum in relation 
to current density changes has also been confirmed. 
The sensitivity of the technique employed has allowed the detection 
of the two stage nature of the experimental pressure/time curve and led to a 
"barrier" hypothesis correction of the apparent D values found in the ｬｩｴ･ｲ｡ｴｵｲ･ｾ＠
together with a rationalisation of the thiclmess effect. Similarly the thiclmess 
effect in permeation has been rationalised. Coefficients obtained from the 
initial fast regime show a dependence on current density, and possibly voltage 
conditions in the electrolyte. In general these were in good agreement with 
values of other investigaors and values extrapolated from the elevated 
temperature determinations. The presence of catalytic "poisons" has little 
effect on the D values, and a similar dependence with current density is obtained 
with pure and an arsenic doped electrolyte. 
Experiments with thiourea have allowed determination of the 
diffusion coefficients at zero current. These show excellent agreement with 
D values obtained at low cur!ent densities both for the pure and arsenical solutions. 
The experiments described appear to giveJ 'an adequate phenomenological 
description of the diffusion of hydrogen but clearly indicate further experiments to 
substantiate the hypotheses raised by the data obtained. In particular this requires 
information on overpotential phenomena which can throw more light on the mechanism 
of the hydrogen· evolution reaction. Accordingly a further series of experiments were 
planned on this basis. 
SECTION 5. MODIFICATION OF APPARATUS 
5. 1 Introduction 
The diffusion phenomena observed during the first series of 
experiments prompted the use of a more sophisticated experimental 
technique for further investigations. This new teclmique was intended 
to allow the simultaneous measurement of diffusion and overpotential 
effects at the cathodic surface. The original electrolytic cell suffered 
129o 
fro1n the disadvantage that both electrodes were kept in one compartment 
hence the influence of oxygen on the cathodic phenomena could not be 
precluded. A programme was devised to study the influence of temperature? 
composition of the electrolyte and two stirring media (hydrogen and argon) 
on the diffusion effects already noted for pure iron. 
Diffusion experiments with pure iron-carbon were also included 
so that the results for pure iron could be extrapolated to be o:U use in the study 
of hydrogen embrittlement in steels. 
The Apparatus 
Diffusion cell construction and ｡ｮ｣ｩｬｬ｡ｾ＠ ･ｱｵｬｰｭ･ｾ＠
The diffusion cell consisted of two units: a. polarisation cell and 
a standard vacuum cell connected to an evacuation train" The polarisation 
cell adopted to study the diffusion of electrolytic hydrogen under controlled 
conditions is illustrated in Fig"2:5.,, and the ancillary equipment in Figo2:6" 
The cell was constructed from pyrex glass ; the cathode compartment is 
separated from the anode by a sintered glass disc with a concentric hole 
through which a tightly fitting Luggin tubulus containing Pd/H standard 
electrode could be ｢ｾｯｵｧｨｴ＠ near the cathode surface., The sintered glass 
was porous enough to allow easy penetration of the electrolyte and good 
electrical conductivity, yet formed an efficient barrier for the entry of 
oxygen into the cathode compartment" Any oxygen which did penetrate the 
disk w·as swept clear off the cathode by a stream of hydrogen gas bubbles 
introduced into the compartment in the manner indicated in Figo25. · 
A bright platinum circular plate about four times the area of the cathode, 
served as the anode" Incorporation of a syringe into the cell allowed high 
flexibility and ease of adjustment of the gas stream with respect to the 
cathode to obtain maximum stirring at its surface" The sample holder was 
fiNed{ I to the syringe by means of a P" T" F. E., plug., 
A five litre aspirator bottle served as storage for the electrolyte 
(Figo 26)" For room temperature w·ork the electrolyte could be introduced 
into the polarisation cell by means of glass tubing" For experiments at 
temperatures other than room temperature a silicone rubber tube connected 
the storage tank with the polarisation cell in such a manner that the solution 
could be recirculated continuously with the aid of a peristaltic pump" 
Temperature in the storage tank was maintained using a heater coupled to 
a thermostat.. Constant circulation permitted attainment of steady temperature 
in the cell in fairly short time. Temperature in the cell was measured with 
an accuracy of + 0 .. 1° C by means of a thermometer inserted into the cell through 
a BlO socket.. Polythene ring around the thermometer provided air tightness. 
The sample holder was attached to the vacuum system by means of a BlO coneo 
The vacuum cell adjacent to the sample holder contained the Pirani gauge head 
and a palladium thimble which was used to check whether all the permeating gas 
was in fact hydrogen. This could easily be done by insertL"'lg a small cylindrical 
furnace over the horizontal palladium thtmble thus allowing the hydrogen to diffuse 
outwards from the celL, The thimble could be excluded from the system by means 
of a stop-cock. A vapour trap was also included into the cell. This consisted of 
thin tubing less than 1 c. c. in volume which could be immersed in liquid air 
contained in a Dewar flask. This small volun1e ensured that the error due to 
contraction of the gas at the low temperature was negligible, while interference 
in the pressure reading from vapours evolved into the system could be eliminated. 
5.2.2 Calibration of the gas collecting volume of cell B 
The volume of the vacuum cell was fonnd by coupling a standard 
volume to the system in place of the palladium thimble, and introducing hydrogen 
into the cell from the hydrogen storage unit.. Pressure reading was taken and the 
standard volume then separated by closing a stop-cock; the remaining hydrogen 
in the experimental volume was pumped-lout and the cell isolated by closing the 
tap. (see Fig. 2.5). The volume of the experimental cell was then determined 
from the pressure reading, when the two volumes were interconnected and the 
previous pressure measurement. The basic cell has a capacity of 115 c. c., but 
provision for enlarging the volume of the cell was made by including a Bl9 cone 
132o 
at the top of the celL standard volumes with Bl9 sockets could easily be 
substituted for the blanking cone in order to give a lower pressure rise with 
time for experiments where the permeation rate was formd to be too high to 
be measured accurately in the small basic celL 
As pointed out ｰｲ･ｶｩｯｵｳｬｹｾ＠ the millivolts - pressure relationship 
of the Pirani gauge head was linear up to approximately 10 microns, and this 
allows determination of the coefficients and permeation values directly from 
the experimental chart without the necessity for replotting" For this reason 
the volume of the vacuum cell was selected so as to keep within thi'S linear 
range during the determination of a ｾｩｭ･＠ -lag curve. I<:eeping within the linear 
range also improves detection of the onset of the barrier as the latter then 
causes a deflection from a straight line o 
Pd/H standard electrode 
The saturated calomel electrode is widely employed in the study 
of the polarisation phenomena on iron and steel in various. electrolytes" 
Bolton (122) has found that the KCl solution in the Luggin tubulus can give rise . 
to contamination of the test solution with chloride ions, and therefore used a 
Hg/HgSO 4 electrode in his investigations o It has been established by 
Bagotskaya (103) that mercury ions, when present in sulphuric acid 11 can act 
as a poison to hydrogen recombination and increase the rate of permeation 
of hydrogen through iron membranes (103) D Chloride ions on the other handll 
could speed up the dissolution of the iron and result in contamination of the 
experimental solutions with ferrous ions" To avoid the introduction of con-
taminants into the cell it was decided to use the Pd/H standard electrode for 
potential measurementso The properties of the Pd/H standard electrode have 
been reviewed by Ives and Janz (151). Recent papers on the subject have provided 
a thermodynamic treatment of the ｾｵ｢ｪ･｣ｴ＠ (152) (153) (154)" The potential of the 
1.33., 
palladium hydrogen electrode prepared by electrolytic methods, is found to be 
a function of (electrode) composition in the ｾＮｽＨＮＬＮＮ＠ .... phase and the P' -phase 9 and 
independent of composition in the ( oL+ j}) phase region.. In the two-phase 
region the electrode has a potential of +Oo 050 ±. Oo 002 volts vs .. std .. Hydrogen 
Electrode at 25° C, with a temperature coefficient of -0" 65 mV /° C .. 
The pH dependence can be formd for the electrode when tested against a 
standard hydrogen electrode in the same solution.. Since the range of stability 
of the two phases covers a wide compositional range (0 o 4 to 5o 0 H: : Pd atomic 
ratio), this electrode can be safely employed for long periods and can be used 
in the experimental solution without the necessity for an anxiliary electrolyte 
in the Luggin capillary .. 
The standard Bd/H electrode used in the present work was prepared 
from coinmercial palladium (Johnson Matthey) (153)" The 14 S .. W .. G" wire was 
swaged down to Oo 5 mm diao then annealed in vacuum., One end of the wire 
(approx 30 em., in length) was sealed to a "skirtedtt cone (pyrex) so that the 
straight exposed wire could be inserted into the Luggin capillary and extend 
to the polarised surface (Figs 25) ., Before use, the electrode was coated with 
palladium black in palladium dinitrito-sulphonate solution.. It was then charged 
with hydrogen in a cell where it formed a cathode inside a cylindrical anode made 
of spot welded palladium strip; M/3 H2SO4 was used as the electrolyte .. 
Charging was preceded by frequent reversal of the current in order to activate 
the surface, followed by steady charging at approximately 100 mA/cm2.. The 
electrode was removed from the cell ｾｴ＠ intervals and its voltage measured against 
a saturated calomel electrode" Once the voltage showed a slight increase i .. e .. the 
onset of the single phase region ( ,Q-phase) the electrode was made an anode for a 
short time to bring it back to the two-phase region., It was then inserted into the 
Luggi11 capillary, filled with the experimental solution and left to stand for 
approximately 12 hours before use .. 
1.34 .. 
The Ｑｮ･ｭ｢ｲ｡ｮ･ｾ＠ prepared as described previously (section 5., 3o 3), 
was thoroughly degreased in tetrachloroethylene, dried and fixed to the 
membrane holder by means of W 0 E. 6o wax (Edwards).. The sides of the 
membrane and the spot welded contact wire were coated with Lacomite 
stopping-off medium, the sample holder attached to the syringe, and this 
joined to the vacuum cell as shown in Figo 25o The stopping-off medium 
prevented contamination from possible contact of the experimental solution 
with the sealing waxo Such an arrangement gave a membrane area of 
2o 27 em 
2 
on the charging ｳｩ､ｾＬ＠ and lo 54 cm2 on the vacuum side.. The 
larger area on the polarisation side prevented bubbles which attached 
themselves at the edges of the membrane from reducing the effective area 
of the diffusing regiono 
.Choice of ･ｬ･｣ｴｾ･ｳ＠
M/3 H2So4 was chosen as an electrolyte in order that the results 
obtained under strictly controlled conditions could be used to explain the 
phenomena observed in the i.nitial set of experiments.. This concentration of 
sulphuri.c acid was selected to investigate the contribution of temperature and 
CO':fllposition of the membrane.. M/2, M/3, M/ 4 and M/5 H2So4 concentrations 
ｷｾｲ･＠ selected to investigate the contribution of the hydrogen ion concentration 
to the diffusion phenomena.. A review of the literature showed that nitrogen ｡ｮｾ＠
argon were the most frequently employed stirring media (in order to decrease 
the concentration overpotential) (41) (87) (95) (113) (122), hydrogen was employed 
only in certain cases (94) (97).. The reasons given for the use of argon and 
nitrogen was that they were both inert and that no prior saturation of the 
electrolyte with hydrogen was required, as this could be achieved instantly in 
135. 
the vicinity of the cathode as soon as current was passed in the electrolyte., 
It ｷ｡ｳｾ＠ ｨｯｷ･ｶ･ｲｾ＠ felt that hydrogen stirring was the surest way 
of eliminating extraneous effects, and hydrogen saturated solutions were used 
throughout the following research. The hydrogen was deoxygenated to well 
below 1 p.p. m. 0 2 by passing it through activated palladium. (Deoxo-pu:vifier, 
··B. 0. C.), and then purified further by a molecular sieve (4R.), (Fig. 2:6). 
Argon stirring was employed on ｯｮｾ＠ occasion only; the argon was purified 
by passing it through the 4R molecular sfeve held at sub-zero temperature, 
where the molecular sieve had been previously activated at 380°C in a stream 
of argon. 
Experimental solutions were prepared from AnalaR grade sulphuric 
acid and de ionised water. The utmost care was taken to exclude contaminants 
from the polarisation cell, particularly greases and organic matter. 
Time constant of the gauge-recorder combination-
The response time of the pressure gauge/recorder combination sets 
a limit to the detection of the first traces of hydrogen diffusing through the membrane., 
This recreates an error which is most pronounced for thin membranes where t!ansit 
times are short. In addition it takes the gases evolving from the membrane surface 
a certain time to reach the gauge filament. This lag of the measuring equipment 
should be deducted from the experimental time-lag to give a more accurate 
determination of the diffusion coefficient. 
The response time of the equipment was determined by incorporation 
of the standard volume (used for calibrating the volume of the cell) in place of the 
sample holder. The standard volume was filled with hydrogen and isolated. 
l36o 
After evacuation of the remainder of the cell 9 the stop-cock separating the 
two volumes was opended and the pressure rise recordedo Fig .. 27 shows 
schematically the curve obtained9 There is a considerable similarity 
between this curve and the curve of the rise in voltage with time during 
charging of a condenser.. The time ｣ｯｮｳｴ｡ｮｴｾ＠ T 9 was determined graphically c 
as shown in the diagram and was found to be 5 seconds.. Again9 by analogy 
to the discharge of a condenser 9 the decay of the pressure with time was 
measured during evacuation of gases out of the system.. In this case the 
lag was 9 seconds indicating a large hysteresis in the response of the Pirani-
type gauge .. In all the following results T = 5 seconds was subtracted 
c 
from the experimentally obtained time-lag (t ) ｶ｡ｬｵ･ｳｾｳ＠
0 
Electrical circuitry and measuring Instruments 
The galvanostatic method was used throughout the ｦｯｬｬｯｷｾｧ＠ series 
of experiments.. A diagram of the electrical circuit is given in Fig .. as.. Two 
current supply units were used; a 'Vokam' constant current power unit (Shandon, 
type 2541) for the low currents range.. For currents in excess of 45 mA and up 
to 2 amps, a stabilised. D .. C.. Supply Unit (Advance components type P 0 P 0 3) was 
employed together with a 3000 ohm high wattage variable resistor in the circuit9 
for stabilisation of current in the electrolytic celL The current was measured 
on a multiple range substandard D .. C .. milliamperometer and applied voltage on 
a D .. Co voltmeter (both instruments from Sangamo Weston, model 882) .. 
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5.3 ｾ･｣ｩｭ･ｮ＠ Preparation 
Selection of materials 
High purity vacuum melted iron V810 supplied by B .. I.. S., R .. A.. was 
selected for the study of the pre -barrier diffusion phenomena and the investigation 
of temperature and solution variables.. This particular iron was chosen since it 
had been used for a large number of investigations and a great deal of data has 
been published with regard to its ｰｨｹｳｩ｣ｾ＠ chemical and mechanical properties .. 
B .. Io 8., R., A., pure iron-carbon allo:15rwere used to study the effect of changing the 
membrane composition on the diffusion. Two compositions were selected: 0 .. 10% 
carbon (specification V1483) and 0. 25% carb9n (8492)., The alloys were originally 
prepared by the addition of graphite to the vacuum melted high purity iron in the 
case of the 0 o 10% carbon alloy, and a similar addition to the less pure Swedish 
Iron in the other case o The high level of purity was considered desirable in order 
to eliminate the interference of major impurities on the polarisation effects., 
Complete analysis of the three materials is given in Table 6. 
5 .. 3 .. 2 Heat treatment 
The materials were supplied as 1 mm strip in cold rolled condition., 
Discs L 7 em in diameter were cut, degreased thoroughly in warm tetrachloro-
ethylene and annealed in vacuum at 860°C for 12 hours., The prolonged annealing 
produced fairly large grains in the pure iron. A spheroidal ferrite/cementite 
. 0 
structure was obtained by similar treatment at 680 C for the iron-carbon alloys .. 
Allllealing of the pure iron was performed with the object of producing a soft 
recrystallised structure with a minimum dislocation density and not to obtain 
very large grains, since it has been established elsewhere that the effect of 
grain size on the diffusion of hydrogen through iron is negligible (95) ., 
In the case of steels the shape and size of the carbides has a prononnced effect 
on the permeation of hydrogen and has been fonnd to be highest with spheroidised 
structures (114) o 
ｾｵｲｦ｡｣･＠ preparation 
Both sides of each disc were abraded on several grades of emery 
ｰ｡ｰ･ｲｾ＠ then given a fine polish on 6 micron and 1 micron diamond compound., 
This method of surface preparation was considered preferable to electropol.i.shing 
as the latter leaves a11 oxide layer on the surface, and it is a well-lmown fact that 
surface oxidation impedes the movement of hydrogen in and out of the metalo No 
palladium plating was used for this series of experiments. An iron wire was spot 
welded to the side of the plate for electrical contacto 
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5.4 Experimental Procedure 
5.4.1 Preparation of the cells 
The assembled diffusion cell is shown in fig.25. The vacuum 
side of the membrane was normally evacuated immediately after inserting 
the sample holder. When not in use, the holder was kept llllder static 
vacuum in order to facilitate attainment of a good vacuum overnight when 
required. While the vacuum side of the membrane was being outgassed, 
pure hydrogen saturated with water vapour was passed through the 
polarisation cell in order to expel all traces of oxygen. Initially, the 
ingoing hydrogen was led to the solution storage tank to eliminate oxygen 
from the interconnecting tubing. After approximately an hour sulphuric 
acid solution was introduced into the tank and this forced the gas to escape 
from the cell through a bubbler. The solution was then pre·-electrolysed at 
2 
approximately 10 m.A/cm for two hours with iron as a cathode and a platinum 
anode; these were removed afterwards. Subsequently a stream of fine 
bubbles of hydrogen was passed through it for about 12 hours to deoxygenate 
the solution. 
5.4.2 Precharging of the membranes 
Experiments were started by introducing the solution into the cell 
and immediately switching on the current in the electrolyte in order to prevent 
dissolution of the iron surface and to precharge the membrane with hydrogen 
2 for reasons given previously. The precharging was carried out at 1.5 mA/cm 
for the necessary time to obtain constant rate of flow of hydrogen into the pre-
evacuated part of the diffusion cell. Mter attainment of the steady state, the 
current was switched on and off at intervals, to obtain a steady corrosion rate of 
the cathode surface. Precharging and attainment of the steady conditions 
could also be monitored with the aid of the overpotential measurements from 
the start of polarisation.. Overpotential could be recorded on the graphispot 
to give higher accuracy.. It showed a steady increase initially, followed by a 
slight decrease to a constant value as indicated in Fig .. -29. When the current 
was switched off the voltage ｦ･ｬｬＺｾ＠ then rose slowly to another constant level. 
On subsequent polarisation at the current density employed originally9 the 
overpotential rose suddenly, then increased slowly to a constant value which 
was slightly below the previous one (Fig .. 29) suggesting that etching of the 
surface occurred with a resultant increase in the effective surface area, 
leading in turn to a decrease in the true current density and a lower over-
potential. This procedure was repeated until steady conditions were achieved, 
before making the actual diffusion .. 
5.4 .. 3 Determination of time-lag cu.rves 
The time-lag curve was determined by first isolating the pre-
evacuated cell and measuring the so called ''background evolution'' of hydrogen 
as indicated in Fig .. 30. At a convenient moment the current was switched on 
causing a pressure rise after a certain time. It is evident from Fig • . 30 that the 
time-lag curve obtained is superimposed on a "background" evolution curve. The 
time·-lag was determined graphically as shown, and the D calculated from equation 
(2) • Logarithmic representation of the data from Fig .. 5 (early part of the pressure/ 
time curve) according to equation (6) resulted in a straight line and aD value which 
was in excellent agreement with the value obtained by the direct extrapolation of 
the pressure/time curve. 
The rate of permeation was calculated by subtracting the slope of the 
"backgrormd" from the slope of the constant rate of flow.. Fig. ｾＳＱ＠ shows the onset of 
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the formation of the barrier obtained at 8 o 8 mA/ em 2 o In such cases the D 
value and the rate of permeation were calculated from the available porti.on 
of the initi.al curve o The logarithmic plot of this portion yielded an accurate 
D val.ueo A check was also made by replotting the curve to give a rate 
transient with time\) whi.ch gives the curve deduced by McBreen and Nanis (66), 
to give a curve similar to the one shown schematically in Figo 30 As described 
before such representation of the data lends itself to the calculation of both the 
D value and the rate of permeation from early portion of the transiento Again 
the values were very close to those obtained from the original ti.me-lag curve, 
particularly at current densities lower than 30 rnA/ em 2 o At higher current 
densities the logarithmic representation had to be used. 
Simultaneous measurement of the overpotential was made throughout 
each experiment. Experiments were started at low current densities and the 
current was progressively increasedo Each new experiment at a predetermined 
current density was started after the potential of the iron measured against the 
Pd/H standard electrode rose to a steady value. This often took as long as 
1! hourso 
Precautions 
Checks were made to ascertain the validity of the procedure used!) 
that is experiments in which diffusion values are obtained for rising current 
densities a Determinations were therefore also made at random\) starting with 
an intermediate value of current density followed by a high then a low currento 
The electrolyte was changed frequently to avoid accumulation of 
ferrous ionso For experiments at temperatures other than the room temperature 
(25° C) constant recirculation of the ｳｯｬｵｴｩｯｮｾ＠ (5 litres in total), kept the 
concentration of the ions at fairly low level.. Experiments were terminated 
jf corrosion of the membrane surface was apparento 
Whenever the membrane darkened indicating the redeposition of 
iron as a fine powder (87) or the presence of traces of grease or other con-
taminants in the electrolyte, such series of results was discarded and the 
cell, together w·ith all glass ｡｣｣･ｳｳｯｲｩ･ｳｾ＠ thoroughly cleaned and baked in 
an oven before subsequent re-use .. 
The standard electrode was kept very near to the cathode surface, 
then withdrawn away from the surface during the electrolysis to prevent 
attachment of gas bubbles, which would produce an effective decrease in the 
surface area of the cathode .. 
5.5 Meta!lographic Examination of the Membranes 
The grain size of the material could be readily determined for 
each membrane after vacuum annealing, which also thermally etched the 
specimens. A check was kept to avoid too large variations, but exact 
determination of the size of grains was found unnecessary for reasons 
already advanced. 
The membranes were sectioned and examined under the 
microscope after every diffusion experiment. No evidence of blisters 
or fissures could be detected in any of the materials investigated, not 
even in the cold worked pure iron sample, where these were expected 
to formo 
143. 
SECTION 6o FURTHER RESULTS AND OBSERVATIONS 
6 .. 1 _9verpotential 
It was noticed right at the beginning of the second series of 
experiments that precharging had to be followed with the aid of potential 
measurements, in order to obtain reproducible surface conditions .. 
The variation of the overpotential with time during precharging at 
2 
L45 mA/cm is given in Fig .. 29.. An increase in overpotential with time 
could be observed during ten to fifteen minutes after the start of polarisa-
tion? which normally coincided with the introduction of electrolyte into 
the celL It can also be seen that termination of polarisation for about 15 
minutes resulted in a subsequently lower overpotential.. This procedure 
was repeated several times in order to obtain steady conditions.. Steady 
state conditions w·ere also checked by measuring the rate of permeation 
in the pre-evacuated celL Precharging was continued until a constant 
pressure rise with time was obtained. 
Potential/time variation 
Readings of overpotential were taken during every determination 
of the time-lag curve.. From the first few experiments it became apparent 
that the cathodic phenomena varied with time, even after thorough precharging .. 
When the current was switched on, the overpotential rose suddenly, then 
continued to increase and came to equilirbium in approximately 6 minutes .. 
When the polarisation was stopped, the voltage dropped well below the original 
steady value and again increased very slowly to the original level .. 
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This slow increase could be speeded up considerably by anodic polarisation at 
low currents 9 or the application of an a .. c .. current.. The variation of the 
overpotenti.al is given in Fig .. 32.. A logarithmic scale for the time axis was 
adopted arbitrarily.. Polarisation in an argon ｾｾｳ｡ｴｵｲ｡ｴ･､＠ electrolyte increased 
the length of time necessary for the voltage at zero current to rise.. After 
2 polarisation at 36 mA/cm it took almost two hours for the voltage to rise 
and even then the previ.ous steady value had not been attained., Subsequent 
polarisation at 66 mA/cm2 caused a 3-hour delay 9 and after 132 mA/cm
2 
no 
reversibility at all could be obtained .. 
Successive determination of time-lag values were performed 
after attainment of the steady voltage., Polarisation at current densities higher 
2 
than 10 mA/cm led to times of one hour or more for the voltage to increase 
back to its equilibrium value .. 
Surface contamination 
In certain cases the overpotential increased as described (when the 
polarisation was started) and then decreased after a time.. In the majority of 
ｳｾ｣ｨ＠ ｣｡ｳ･ｳＺｾ＠ the membrane became darkened 9 probably due to the deposition of 
iron as fine particles (87), which effectively increased the surface area of the 
membrane.. Deposition of a carbon film from organic matter introduced 
accidentally could produce the same effect., Whenever this was noticed 9 the 
cell was dismantled as no reversibility to steady conditions could normally be 
achieved even by introducing fresh solution into the cell and long exposure times., 
It has also been noticed that a film of carbon deposited on the membrane acted 
:in a way similar to the catalytic poisons (As 9 Se 9 etc .. ) in that it caused higher 
permeation of hydrogen through the membrane .. 
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6.1.4 Tafel plots 
Fig. 33 shows the Tafel plot of the overpotentials obtained in 
M/3 H2So4 at 25° C. The lower values are the first readings that could be 
obtained on commencement of. the polarisation, the higher values at each of 
the current densities are the equilibi .. ium overpotentials obtained in the manner 
already described. It can be seen that only the lower values give a linear 
variation with this form of plot. A break in the overpotential current density 
curve is evident at E. S. H .. E. = 0. 45 volts !1 which may be indicative of a 
change in the mechanism of hydrogen evolution at high current densities. 
The initial hydrogen evolution process at low current densities yields a 
Tafel slope b1 of 0. 078 volts/decade, while the high current density process 
has a slope of b2 of 0.12 volts /decade. It should be noted that both values 
are related to the initial fast diffusion regime (c. f .. section 3. 2. 4) and the 
change of slope does not relate to the onset of barrier formation directly. 
Results of overpotentials at different temperatures in M/3 H2so4 are 
presented in Fig. 34 and overpotentials at 25°C with solutions of different 
strength in Fig. 35. 
No bubbles of hydrogen could be seen evolving at the cathode surface 
at low current densities; however the appearance of bubbles did take place at 
higher currents, corresponding to the second Tafel slope. With heavily 
deformed iron (90% reduction by cold rolling) pronounced .evolution of bubbles 
could be seen even at the lowest curirent density employed. 
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6.2 Diffusivity 
6. 2.1 Time-lag curves 
The membranes were precharged before every set of experiments 
at a current density of approximately 1. 5 mA/cm2 ; this was found essential 
to ensure reproducibility of results. Fig. 36 Curve 1 shows a pressure time 
relationship for an outgassed membrane; if treated as a time-lag curve this 
-6 2 -1 yields aD value of 1. 35 x 10 em sec . Curve 2 is a time-lag curve obtained 
almost immediately after the Curve 1, and the initial portion yields a value of 
-5 2 -1 D = 4.1 x 10 em sec . 
Fig. 37 shows typical pressure-time curves obtained with 
0 precharged membrane in M/3 H2So4 at 25 C. 
A sudden initial pressure rise is followed by a decrease and 
finally a linear relation with time is established at low and intermediate 
current densities. A departure from the linear behaviour occurrred at 
2 110 rnA/em (250mA), but a simultaneous considerable rise in temperature 
of the electrolyte was detected which may account for this upward trend. If 
the pressure-time curves are replotted as a rate of pressure rise at constant 
volume, ＨｾＬ＠ against time (rate transient) a relationship would appear as 
indicated schematically in Fig. 38. The dotted line represents the upward 
trend at 110 mA/cm2• Pressure-time curves obtained in electrolytes which 
were stirred with hydrogen but not deoxygenated exhibited a similar dual nature 
as the curves obtained in ·the initial experiments (Figs. 15 and 16). 
6.2.2 Determination of diffusion coefficients (resume) 
Pressure-time traces shown in Fig. 30 and Fig. 31 enabled the 
determination of the pre-barrier diffusion constants. Replotting of the curves 
in full to give the logarithmic representation (Fig. 2) or the rate transient 
(Fig. 3) was found to be wmecessary, since according to equation (8) only two 
rates at two "early" times were sufficient for the calculation of the diffusion 
constant: 
1 
= G:J [ d2 exp _- 4D (8) 
At current densities less than approximately 10 mA/cm2, the 
pressure-time curves were smooth and the departure from linearity in the 
steady rate of permeation only occurred after prolonged polarisation. From 
such curves the D value could be determined directly from the time-lag as 
shown in Fig. 30. At higher current densities an early departure from linearity 
occurred and ma.de the extrapolation impossible. In such cases the D value 
was found from equation (8). 
6.2.3 Diffusion coefficients in presence of different variables 
The diffusion coefficients obtained at various temperatures are 
plotted against the overpotential (relative to the standard hydrogen electrode 
E. S. H. E.) in Fig. 39. The lower curve gives the D values obtained at 25° C 
using argon instead of hydrogen as the stirring medium, and thereby saturating 
the solution with argon. The values of overpotential used in these plots are the 
first values that could be detected as shown in Fig. 33. 
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Fig. 40 shows the effect of the electrolyte concentration on the 
D values. The coefficient obtained with 0.1% carbon alloy are given in Fig. 4lo 
Experiments with the spheroidised 0. 25% carbon alloy showed a similar pre-
charging behaviour as illustrated by Curve 1 in Fig. 36. but with. a much higher 
ultimate rate of flow. This behaviour did not change with variation of current 
density over the whole range usually employed (0. 66 to 250 mA/cm2). A 
similar effect was observed with heavily deformed (90%) pure iron. 
The effect of consecutive determinations of the time-lag curves 
without waiting for the potential to rise to the steady value after the preceding 
polarisation (a partial barrier therefore still present) is shown in Fig. 42. A 
maximum in the curve corresponding to a partial barrier can be seen at E .. s. H. E. 
= 0.42 volts approximately. The time-lag curves obtained in this manner at 
low current densities ( L... 35 mA/cm2) exhibited the dual nature shown in Fig. 37. 
At higher current densities the curves were smooth as expected from theory. 
An a. c. current giving conditions corresponding to negligible 
· overpotential, has also been used for the determination of the difFusion 
-5 2 1 
coefficient, and D value of 4. 1 x 10 em sec obtained. 
Energy of activation 
The Arrhenius plots for the D values in Fig. 39 corresponding to 
E. S. H. E. = 0. 400 volts and E. S. HoE. = 0. 500 are given in Fig. 43. 
General expressions for these relationships were deduced to be: 
D -0.400 = 7. 97 x 10-
4 
exp (-1450) RT 
= 6. 75 x 10-3 exp (- 2500 ) RT 
2 -1 
em sec 
2 -1 
em sec 
(57) 
(58) 
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Jf Q = 1450 cal/mole is used in conjwtction with the D value at 35°C of 
4. 75 x 10-5 em 2sec -l, that is a value obtained at very low overpotential, 
hence most closely approaching the normal diffusion' coefficient, to calculate 
D , the following general expression for the diffusion of hydrogen in ""-iron 
0 
is obtained: 
D = 4. 91 x 10-4 exp ( - Ｑ Ｚｾ Ｐ＠ ) 2 -1 em sec (59) 
. 15lo 
Permeation 
Determination (resume) 
Values of the rate of flow of hydrogen through the membrane could 
be determined directly from the linear portion of the time-lag curve at the low 
current densities. The pressure rise with time (mm Hg/min) multiplied by the 
ｾ＠ 3 ｾ＠ ｾ＠
cell constant of 1. 63 x 10 gave the value of Pin em em sec • 
At higher currents due to the early onset of the "barrier" formation 
permeation could be found from the available portion of the pressure-time curve 
and from equation (9) : 
2 1 
= 
_1. Jl 2 
X 1 1:2 exp 
J 1 = rate of flow at any time during the initial stages 
of the time-lag curve. 
J = steady state permeation. 
00 
Dt 
= = dimensionless parameter. 
d2 
The above relationship is valid only for : 0 (, T ｾ＠ 0. 5. 
6.3.2 Permeation in presence of different variables 
(9) 
Permeation values obtained at various temperatures are plotted 
against the overpotential (vs. S. H. E.) in Fig. 44. A similar plot at various 
strengths of the electrolyte is given in Fig. 45, where displacement of the 
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curves to higher overpotential with dilution can be observed. In all cases a 
linear dependence is obtained at low overpotential and independence of 
permeation from the overpotential at higher overpotential values. A 
comparison of the permeation/potential relation obtained with hydrogen 
saturated and with argon saturated electrolyte is given in Fig. 46. 
It can be seen that lower values of permeation were obtained 
from the argon saturated electrolyte, all other variables being constant. 
A large departure from the expected behaviour can also be seen at higher 
overpotentials. As already mentioned in section 6.1. 2, the low values were 
obtained from time-lag curves determined without previous attainment of 
the equilibrium potential (q. v. Fig. 32). 
Fig. 47 shows the effect of consecutive determination of the 
ｴｩｭ･ｾｬ｡ｧ＠ curves in quick succession i.e. without waiting for the potential 
to rise to the steady value, and thus allowing a partial barrier to persist. 
As with the D values, a maximum in the curve is obtained. 
A plot of the pre-barrier permeation versus square-root of 
current density in the electrolyte, did not result in a straight line through 
the origin as expected from equation (44). A complex curve was obtained 
over the whole range of current densities. A plot of permeations versus 
current density at low currents did give a straight line through the origin. 
Such a plot of permeations obtained at various temperatures is given in 
Fig.48. In Fig. 49 a similar plot for various concentrations of the electrolyte 
revealed dependence on current density only. The permeation-current 
dependence is obeyed up to approximately 12 mA/cm2, at higher currents the 
curves deviate downwards from the straight line •. Results of permeation through 
a membrane of the 0. 10% carbon alloy compated with those for pure iron are 
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given in Fig. 50. Experiments with 0 .. 25% carbon alloy produced a very high 
throughput of hydrogen from pre charging and corrosion of the metal surface. 
Cathodic polarisation over the whole current range did not have any influence 
on the subsequent throughput. 
ｾｮ･ｲｧｹ＠ of activation 
Arrhenius plots of the permeation values from Fig. 44 at E. S .. H. E .. 
= -· 0 .. 400 volts in the region of interdependence and at E. S. H. E. = -00 500 
volts L e. in the region of independence from the overpotential, are given in 
Fig. 51. The following general expressions for the two processes were derived: 
P = 1. 7 x 10-2 exp ( - 5600 ) 
-0.400 RT 
3 -2 -1 
em em sec (60) 
p 
·-0. 500 
-2 
= 1. 2 x 10 exp 4500 3 -2 -1 ( - R T ) em em sec (61) 
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6.4 
6.4.1 Determination (resume) 
The solubility or concentration of hydrogen on the input side of 
the membrane can be found from the relation between the corresponding P 
and D values given by equation (10): 
p = 
D C 
0 
d 
In this way a concentration was obtained from every time-lag curve. 
6.4.2 Concentration values 
The values of hydrogen concentration calculated in the manner 
described are plotted against the overpotential in Fig. 52 and Fig. 53 which 
show the effect of temperature and electrolyte concentration respectively. 
6.4.3 Energy of activation 
Q.O) 
Since the values of hydrogen concentrations were calculated from 
the P and D values for which the activation energies QP and QD have already 
been calculated, it follows that Q8, the activation energy for the concentration 
can be determined from the following equation: 
= + (62) 
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The general expressions derived for the solubility process are as follows: 
s -0.400 
3 3 
= 2a 1 exp ( - 4150/RT) em H/cm Fe (63) 
s -0.500 
4 3 3 
= lo 97 x 10 exp ( - 2100/RT) em H/cm Fe (64) 
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SECTION 7. GENERAL DISCUSSION 
7.1 The Significance of Overpotential Measurements 
7. 1.1 Precharging effects 
Attainment of a steady value of potential during the precharging 
(Fig. 29) indicates a steady flow of hydrogen through the membrane, which has 
been checked by simultaneous monitoring of both the potential and pressure rise 
in a constant volume. The decrease in overpotential after termination of 
polarisation is probably due to roughening of the surface as a result of etching 
by the electrolyte, and the final "steady surface" can be regarded as steady 
rate of surface corrosion. A certain amount of surface roughening must have 
been obtained during the first stage of pre-charging (roughening of surface has 
been observed even on bright single crystal of platinum during the cathodic 
polarisation in an acid medium (16 9)) • Such gradual roughening of the electrode 
surface could also be responsible for curve no. 1 in Fig. 36., as it could give 
rise to more sites for the entry of hydrogen into the membrane and a gradual 
increase in the pressure rise on the pre -evacuated side. 
7 01.2 Potential-time dependence 
Variation of the overpotential with time found in the present work 
is shown in Fig. 32. Similar effects were reported by Pentland, Bockris and 
Sheldon (101) in experiments with high purity conditions. The increase in 
overpotential during the polarisation can be attributed to the building up of an 
adsorbed hydrogen layer. Such an interpretation would confirm the negative 
polarity of the surface hydrogen since only an anionic cathodically adsorbed 
species raises the cathodic overpotential (99) (109) (155) (i.e. makes it more negative) 
The formation of adsorbed hydrogen during cathodic polarisation of iron has been 
recognised by polarography (52) , and estimated to acconnt for 25% of the total 
overpotential (99). 
The increase in overpotential during polarisation subsequently 
rendered the iron more noble as can be seen in Fig. 32. The recovery with time 
shows that the process of adsorption is il!eversible, and this reversibility was 
confirmed at all values of the overpotential employed in the present work, when 
using hydrogen saturated electrolytes. Passivation of the iron observed after 
cathodic polarisation in argon saturated electrolytes at potentials in excess of 
"-" 0. 45 volts, was irreversible. It can be inferred that the use of inert gases 
for stirring causes interference in the cathodic processes. This will be discussed 
further in connection with diffusivity and permeation (Sections 7. 2 and 7. 4) .. 
7 .1. 3 Tafel curves and the H. E. R. on iron membranes 
The initial and equilibrium values of overpotentials given in 
Fig. 33 show that only the initial values show the expected linear trend with 
increasing current density. Furthermore a change in mechanism seems to take 
place at ESHE = -0 o 43 volts o 
The two Tafel slopes are: 
= 
= 
0. 078 volts/decade 
4 
3 
2. 303 RT 
F 
(65. a) 
(65. b) 
= 
b2 = 
= 
and o(,. = 2 
3 
4 
- 0.12 iVolts/decade 
2 2. 303 RT 
--1 F 
1 
2 
where o!.. is the transfer coefficient (Section 1. 6. 2) . 
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(66) 
(67. a) 
(67. b) 
(68) 
A change of the hydrogen evolution reaction (H. E. R .. ) with 
current density on iron has not been reported in the literature. The first regime 
( ｾ＠ = ｾ＠ corresponds to the increase of permeation with the overpotential as 
shown in Fig. 44 and Fig. 45. Since permeation is proportional to the instantaneous 
surface coverage with hydrogen (9 in equation (41) Section 1. 6. 3) , it is evident 
that the coverage changes in this region. At overpotentials higher than approximately 
-0.42 volts (second mechanism with "'2 = ; ) the coverage appears to approach 
a limiting upper value, as indicated by the independence of permeation (hence 
coverage) from the overpotential. 
Thus the first regime corresponds to low surface coverage, and 
as there is no associated evolution of bubbles, the controlling mechanism can be 
either proton discharge (mechanism I, section 1. 6. 2) or electrochemical desorption 
(mechanism III). The evolution of bubbles is eKpected, since the amount of hydrogen 
permeating the membrane constitutes approximately l/500th of the calculated amount 
from the Faradays law. Bubbles were seen evolving in this overpotential region on 
heavily deformed, but not on the annealed material. This will be discussed later 
(Section 7. 4. 5). 
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The discharge of proton cannot be responsible for the slow step 
since although it occurs with low coverage it necessitatesot.- tO be i (96) and not ! reported here. Most probably the proton discharge step is followed by the 
electrochemical desorption (94) as the controlling step.. The final product does 
not have to be a gas bubble but dissolved atomic hydrogen, H(aq), or its reaction 
product with water which has been identified with nickel cathodes (170). In this 
form the hydrogen has strong reducing properties, and it may be that the dual 
nature of the "decay" curve at zero current shown in Fig. 32 is partly due to the 
reaction of H(aq) at the iron surface which may act as a catalyst. 
The second mechanism at overpotential in excess of -0 .. 42 volts 
may occur with the electrochemical desorption also as a controlling step on the 
basis of oL being equal to 2
1 
at high 9 for this controlling step (94) (96) . 
3 
The ｾｬ＠ value of 4· reported here is in fairly good agreement with 
the value of 0 .. 66 obtained elsewhere by subtraction of the adsorption overpotential 
from the total to give the discharge overpotential (99) , and a value of 0. 7 from 
diffusion experiments (171) • It does not agree with a value of t reported for the 
same potential region (85). 
The discharge overpotentials showed only a small variation with 
temperature for the mechanism at low overvoltages, but higher dependence on 
temperature was exhibited by the other mechanism which can be seen in Fig. 34. 
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Despite the observed dependence of the overpotential on dilution 
(Fig. 35) the reaction order with respect to the activity of hydrogen ions could 
not be evaluated due to increased prominence of the secondary dissociation 
of sulphuric acid. 
The equilibrium overpotentials shown in Fig. 33 are irrational in 
that no linearity can be obtained in their Tafel plot. The upward trend at low 
current densities has been assumed elsewhere to be due to concentration 
overpotential contribution (97). However, the plateau obtained at approximately 
20 mA/cm2 indicates that this is-not the case, and the upward departure is 
more likely due to· an adsorption component of the total overpotential super-
imposed on the discharge value. 
7. 1..4 The "barrier" 
From the values of the overpotential presented here and those found 
in the literature it can be concluded that the so called "barrier" formed during 
the dufusion of the electrolytic hydrogen through iron and mild steel membranes 
can be largely identified with adsorbed hydrogen retained on the surface. A weak 
bond between this hydrogen and the surface seems to form at overpotential less 
than -0. 43 volts (vs. S. H. E. ) but much stronger bond formation is indicated at 
higher overpotentials, as shown by the time required for its decay (Fig. 32). 
This adsorbed layer could be destroyed easily with the aid of an a. c. current or 
anodic polarisation, which serves as an indication that the passivation effect 
was not brought about by the lattice hydrogen, but by the surface adsorption. 
192. 
It must be clarified that the effect obtained by a. c. and anodic 
treatments fs not due to the formation of an oxide film on the metal surface 
as this would cause further passivation and a departure of the potential at 
zero current to a more noble value (smaller or more positive E in this case). 
After the treatment, however, the potential changed to a more base value 
which indicates attainment of a higher surface activity. 
7.2 
7. 2.1 
(a) 
Diffusivity 
Time-lag curves 
Pre charging 
It is quite clear from Fig. 36 that pressure-time curves 
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obtained .on fully outgassed membranes could at first sight be regarded as true 
time-lag curves. However, anomalously low diffusion coefficients are obtained 
which are almost two orders of magnitude lower than the extrapolated high 
temperature values. These curves represent diffusion under the influence of "traps" 
which effectively slow down the progress of hydrogen through the lattice by continuous 
"locking" of a portion of the diffusing species in accordance with the theoretical 
considerations of McNabb and Foster (172) and based on findings of several other 
authors. It is interesting to note that although the two curves in Fig. 36 produce 
widely differing diffusion coefficients the permeation values which can be deduced 
from the linear portions are quite comparable. This is a good indication that 
pre charging can be used to saturate the "traps" with hydrogen without introducing 
a major change in the intrinsic diffusion behaviour. Consequently, those D values 
in Table 2 obtained at room temperature and at elevated temperatures on fully 
outgassed membranes do not represent conditions of lattice diffusion, but diffusion 
under the influence of the active "traps. " As such these should not be used for the 
calculation of lattice solubilities from the conventional equations correlating the 
two parametet:s. 
(b) Explanation of the experimental pressure-time curves 
The pressure-time curves obtained in the later series of 
experiments could not be treated in the same way as the curves from the initial 
experiments to yield two D values, due to the absence of the "secondary" diffusion 
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effect. (c .. f .. Fig .. 37 and Fig. 15). Under strictly controlled conditions only the 
initial fast D value was obtainedco The secondary effect in the pressure-time 
curve in this case wa:s a straight line. Thus the initial fast diffusion corresponds 
to conditions of free surface and free lattice, but the steady rate of permeation 
obtained subsequently is not the true rate of permeation. This can be better 
appreciated by considering representation of the pressure-time curve as a rate 
transient. From Fig. 38:1 which gives the schematic rate transient ·; corresponding 
to the curves from Fig. 37, it is clear that the steady rate obtained in practice 
is lower than the theoretically predicted one. Diffusion under these conditions 
represents dtlfusion through an adsorbed layer, which has a retarding influence 
on the hydrogen, be it due to the blocking of some of the entry sites for hydrogen 
into the lattice or just physical impedance to propagation of the discharged species. 
(c) Explanation of the "secondary" slow diffusion effect from the 
initial results. 
When discussing the anomalous time-lag curves in section 4 .. 1.1 
it was assumed that the curve in Fig .. 15 represents initial fast dufusiWLiollowed 
by a secondary slow diffusion. Comparison of the curves in Fig. 37 with that.;dni.! 
Fig.l5 shows that the appearance of a "secondary" slow dufusion is tied to the 
conditions in the initial experiments where both electrodesw.ere kept in one 
compartment. This suggests that the mentioned slow dufusion may be in fact 
connected with the interaction of oxygen and the adsorbed hydrogen. The increase 
of pressure with time observed in the secondary regime is brought about by freeing 
the entry sites from the adsorbed hydrogen. The reaction can be a direct one 
between hydrogen and the oxygen or corrosion of the metal surface in presence of 
oxygen and release of the adsorbed hydrogen. The gradual increase in pressure may 
be regarded as a gradual intensification of the oxidation process and it may reflect 
diffusion controlled condi.tions but of oxygen from the anode to the metal surface, 
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or just limiting rate of dufusion of oxygen through the double ｬ｡ｹ･ｲｾ＠ The steady 
rate of permeation obtained finally may be regarded as the limiting rate of all 
the competing reactions at the metal surface. Hydrogen liberated as a result 
of surface corrosion could also enter the metal and add to the total rate of 
permeation observed ultimately .. 
It i.s clear, therefore, that those D values found in the literature 
(Table 2B) which were calculated from the "secondary" effect can be regarded 
as spurious. Nonetheless the method used in correcting these values is still 
valid providing full details of experimental additions are available. 
7 .. 2 .. 2 Diffusion coefficients 
The coefficients from Fig. 39 at very low overpotentials are in 
good agreement with the value of 4 .. 1 x 10-5 em 2 sec -l obtained with the aid 
of ao c .. current, (conditions equivalent to negligible overpotential) and the D 
value of 4 .. 2 x 10 -fi cm2sec-l from experiments with the thiourea bearing 
solution (Table II).. All these values can therefore be regarded as close to the 
normal, thermally activated diffusion in the ol-iron at the corresponding 
temperature.. These values are also in good agreement with values of other 
investigators presented in Table 21" 
How·ever, it is evident from Fig. 39 that the dufusion coefficient 
obtained by polarising an iron cathode in an electrolyte is not a constant. The 
coefficient increases with overpotential at the cathode surface and with applied 
voltage in the cell (Fig. 54) .. 
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Variation of the diffusion coefficient with current density in the ·· 
electrolyte has previously been reported by Raczynski and Stelmach (85) and 
Alil{.in (86) .. Coefficients obtained by Raczynski and Stelmach at low current 
densities were anomalously low which suggests inadequate precharging; those 
obtained at higher current densities were in conformity with high temperature 
values but did not show any dependence on current density, and hence over-
potential. 
7 .. 2 .. 3 Temperature dependence 
The activation energy (1450 cal/mole) obtained for the process 
at ESo H. E. = - 0. 400 volts is in excellent agreement with the value of 
1300 cal/ mole deduced theoretically by Ferro and experimental values· of other 
investigators (Table 22) . This low energy originally predicted from the elastic 
0 
strain induced in the lattice by a diffusing hydrogen atom 0. 30 A in radius, gives 
support to the suggestion that the diffusion is controlled by the lattice alone in 
this potential region. Calculation of the activation energy for the process in 
the region of forced diffusion rather than from the D values at lowest overpotential 
is still justified if a particular potential is selected and it is assumed that at each 
temperature the D value is increased by a constant forced diffusion component. 
Only a slight error is expected from the barely noticeable increase in the 
n1obility (i.e. the slope of the D-E relation) .. with temperature (Fig. 39) .. 
The pre-exponential constant D obtained from these values is 
0 
higher than the D for the thermally activated diffusion by an amount equal to the 
0 
forced diffusion component at the given value of potential. Therefore when the 
determined activation energy is used in conjunction with the lowest obtainable D at 
0 -5 2 -1 -4 2 -1 
say 35 C ( 4 .. 75 x 10 em sec ) to evaluate the D a value of 4. 91 x 10 em sec 
0 
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is obtained which again is in good agreement with theoretical and experimentally 
determined values of other investigators (Table 22) D 
At E8• HoE. = -0. 500 volts the activation energy for the 
diffusion process was found to be 2500 cal/ mole. This value is very close to a 
number of figures quoted in the literature (Table 2A and 2B) most of them 
determined at elevated temperatures. In the majority of cases the diffusion 
coefficients w·ere determined from permeation experiments using gaseous 
hydrogen or from effusion experiments. It was pointed out already by Becket a1.) 
(41) that i.n these cases the role of surface effects should be considered. The 
overpotential region for which the QD was calculated corresponds to high surface 
coverage conditions as determined by the Tafel slope b2 = 0.12 volts. It appears 
therefore that the basic discharge step and possibly adsorption or high collision 
frequency cause high surface disorder (high entropy) and result in higher activation 
energy. Thus , in this potential region there is a possibility that the discharge step 
and the step leading to the entry of hydrogen into the lattice are the same in accord 
with the model of Bockris and associates. At low overpotentials the two mechanisms 
seem to occur independently (model of Frumkin and Bagotskaya) . Under conditions 
of ｨｩｧｨ ｾ＠ surface coverage the process seems to be controlled by the slow surface step 
and not by the lattice dufusion. This may well apply for the effusion experiments 
and the gaseous charging. The variations obtained could, among other variables, 
be due to the slow surface step. 
The effect of argon saturation 
Argon saturation of the electrolyte causes a negative departure in 
D values at very low· overpotentials, followed by a linear rise parallel to the curves 
obtained with hydrogen saturated solutions (Fig. 39). Once the impedance due to argon 
has been overcome the process follows the general pattern for the hydrogen saturated 
------------------------------ - - --
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electrolyte. The parallel trend suggests that the retarding force due to argon 
remains constant in this potential region. Diffusion in the high overpotential 
region exhibits a similar behaviour. 
The constant downward displacement of the D values suggests 
mechanical interference of the argon atoms at the cathode surface. From 
irreversibility in the potential and passivation of the surface at overpotentials 
greater than 0. 42 ｶｯｬｴｳＺｾ＠ it is clear than an inert gas used for stirring causes 
considerable interference in cathodic processes involving the hydrogen 
evolution reaction. The presence of argon has a more pronounced effect on 
permeation which is discussed later . 
7.2.5 . The effect of membrane composition 
The 0. 1.% carbon alloy resulted in time ·-lag curves similar to 
those obtained with the pure iron. The D values were somewhat higher than 
for the pure iron. The onset of formation of the adsorbed hydrogen occurred 
very early and made determination of the D values difficult. 
Experiments with 0. 25% carbon alloy resulted in precharging 
' curve similar to the one shown in Fig. 36 for the pure iron 7 but this behaviour 
changed only after long exposures to current density over the whole range 
usually employed (0. 66 to 250 mA/cm2). A very high throughput of hydrogen 
persisted probably due to surface corrosion7 which rendered the normal 
technique inoperative. 
Thus experiments with the spheroidised 0. 25% carbon alloy show that 
the diffusion coefficient for hydrogen is about two orders of magnitude lower than 
for the pure ｾﾷＭｩｲｯｮＮ＠ It represents diffusion in two-phase medium in which the 
l99o 
complex structure of the carbide will probably permit no hydrogen to pass 
through it and cause the hydrogen to diffuse along the paths of the carbon-saturated 
ferrite. Experimental evidence suggests that the carbide spheroids slow down. 
the passage of hydrogen which can be compared with a scattering effect. What 
becomes clear is that the diffusion of hydrogen in steels should not be compared 
with diffusion in single phases. The diffusion cannot be considered anomalous in 
the same way as the diffusion in ferrite under the influence of traps in that 
saturation of traps in steels still gives very slow diffusion 9 a.s a. result of the 
duplex structureo 
It appears that the low diffusion starts at a critical carbon content 
and on the basis of present results the critical content would fall between 0.10% 
and 0. 25% carbon. 
7.2.6 Diffusion under transient conditions 
The effect of determining diffusion coefficients in quick succession 
on one membrane, compared with the coefficients obtained at the steady state 
potential was found instructive (Figo 42). There is little or no difference between 
the two D values in the low overpotential region? corresponding to the hydrogen 
evolution reaction mechanism with Tafel slope b1 of 0. 078 volts. The increase at 
low overpotential is superceded by a decrease at higher overpotentials with a 
maximum at ES. H. E. = OG 45 volts, which corresponds to .the change in the Tafel 
slope (Fig. 33). The pressure-time curves obtained under these conditions do not 
exhibit a dual nature (FigG 15 and 37)? but a smooth 9 theoretically expected curve is 
obtainedo Nonetheless such results must be regarded as suspect? since higher values 
can be obtained if the adsorbed surface hydrogen is allowed to decay. 
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The maximum obtained in the D-logi plots obtained in the first 
set of experiments (Fig .. 18) can now be explained as being due to the increased 
stability of the adsorbed hydrogen at high surface coverage.. Such an adsorbed 
hydrogen layer appears to impede the discharge step still further as compared 
with the i.nstantaneous adsorption on the free surface .. 
The importance of these effects lies in their relation to various 
"normalising" pre-treatments used by a number of other investigators.. Thus 
the "normalisation" of the membrane before determination of the time-lag or 
rate transient curves as employed in several investigations (41) (66) (67) (87) 
(95) consisted of pre -charging the membrane for very long times 9 or using 
cathodic protection before polarisation at higher overpotentials. This 
"normalising" treatment combined with diffusion experiments performed at 
fairly low overpotentials (ES .. H .. E.. - 0. 42 volts) (where the bond of the 
adsorbed hydrogen is not strong) give rise to an insignificant error (Fig. 42 
and Table 22).. However? results obtained from experiments in the high 
overpotential range may be lower by as much as one order of magnitude (67)!) 
even though a very high degree of reproducibility can be achieved from such 
experiments, together with curves corresponding to theoretical predictions (67). 
High reproducibility alone is therefore an insufficient criterion for assessing 
the validity of a given set of experimental results .. 
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Forced Diffusion 
7. 3.1 Electrotransport 
Diffusion coefficients at higher overpotentials include a. component 
of forced diffusion due to acceleration of the discharged species by the, potential 
in the double layer (or overpotential).. As the potential ｩｮ｣ｲ･｡ｳ･ｳｾ＾＠ the super-
imposed forced diffusion component also increases. 
The deviation from the linear dependence in M/3 H2So4 solution 
coincides with the change in the mechanism of the hydrogen evolution reaction 
(H .. E .. R .. ) and occurs at approximately - 0 .. 42 volts (Fig. 5). This departure 
is most distinct in the curve at 19 ° C and for the argon stirred electrolyte. The 
departure becomes very pronounced when the D values are plotted against log 
of the applied voltage (Fig. 54) . The forced diffusion conditions prevail at 
different temperatures and concentration of the electrolyte, which is evident 
from the same basic form of all curves in Fig. 39 and Fig .. 40.. Also, the slope 
of the linear portion in each case is numerically similar (the slopes increase 
a little with the increase in temperature) ., 
Implications of the forced diffusion 
The diffusion coefficient for electrolytic hydrogen in the t.X...-iron 
has been regarded as constant in all previous investigations. It is evident from 
the present work that this assumption is correct when dealing with very low 
overpotentials only o At higher overpotentials the coefficient is not a constant 9 
and mathematical expressions which include a constant value of D appear to be 
subject to an error, where D values have been used for the determination 
of other parameters (41) (87) (95) (97) (99) . It would seem more appropriate 
in such cases to consider the D value in terms of the mobility (/ti), which 
202o 
is accepted to be a function of voltage. 
Potential-accelerated diffusion conditions are expected to increase 
supersaturation, particularly in presence of cathodic activators for the entry of 
hydrogen into the ｭ･ｴ｡ｬＺｾ＠ as these enhance the total hydrogen transfero 
Since the accelerating force is the potential in the double layer !I 
and since the latti.ce exerts a constant drag force on the accelerated species 
which cannot be continuously counteracted by the potential under most experimental 
conditions!) lower D values would be expected with thicker membranes and (at thick-· 
nesses where barrier is no longer significant) this is borne out by experimental 
evidence found in the ｬｩｴ･ｲ｡ｴｵｲ･Ｚｾ＠ which can be seen from Figo 23o Lower coefficients 
obtained elsewhere (1.76) on thicker membranes were attributed to relaxation that is 
non-linearity in the concentration gradient. 
The variation of D values with the ｰｯｴ･ｮｴｩ｡ｬｾ＠ obtained here (4o 17 x 10 ｾ Ｕ＠
to 10 x 10-5 cm2 ｳ･｣Ｍｾ＠ is in excellent agreement with values of Guenterschul.ze 
-5 -5 2 -1 
et aL (5. 5 x 10 to 11 x 10 em sec ) (8) obtained from discharges in an 
hydrogen atmosphere with an iron membrane as the cathode. 
It can be concluded that D values obtained from electrolytic charging 
at measurable overpotentials for other systems say Pd/H and Ni/H are expected 
to exhibit a similar behaviour as the Fe/H system. 
7.3.3 .Calculation of the charge (valenc;y) of electrolytic ｾ､ｲｯｧｾｾ＠
in the rtJ., -iron 
The slope of the linear portion of the D-E8 H E curves is - 4o 25 
·-·4 2 0 0 0 
x 10 em /sec/volt, a value of the same magnitude and dimensions as the 
mobility of the hydroxonium ion (113 0 +) in dilute acidic solutions (5. 3 x 10-4 2 
em /sec/volt) (page 122 of ref.l73). Closer analysis of the slope shows 
that it represents an increase of the diffusion coefficient (equivalent to velocity) 
with the potential in the double layer. The calculated dnfusion coefficient is 
strictly speaking an average value for movements in the double layer, into the 
metal and through the membrane. Use of the slope of the D/E8• H. E. relation 
assumes that the accelerating voltage (overpotential) can be used in conjuncti.on 
with this average value, and not just with the diffusion step inside the double 
layer alone. 
Equation (34) correlates the mobility (/Z .) with diffusivity (D) 
1 
and charge or valency Ｈｚｾ＠ in electrotransport; ｴｨｵｳｾ＠
.l 
but 
z? 
1 
;tli 
D. 
1 
e 
kT 
f 
= 
= 
= 
= 
= 
= 
#_. fkT 
1 
-4 2 
- 4. 25 x 10 em /sec/volt 
- 1 (charge of electron) 
-2 2.57 xlO e.v. 
1 
(34) 
Then the effective charge or valence of the diffusing hydrogen is given by: 
0 
z. 
1 
= 
·-6 
·-4.25 X 2.57 X 10 
4. 7 X 10-b X (-J.) 
= +O·o 26 
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The figure obtained represents the effective charge (or valence) 
of the ionD This value for the charge is consistent with the charge transfer 
obtained from the kinetics of the hydrogen evolution process (ot1 = !-) and is 
also of the same order as the charge postulated for hydrogen bridge bonds in 
many compounds (191). Although it is not certain whether this value of the 
charge is representative of the bulk metaL The D values used in the calcula·-
tion predominantly relate to diffusion processes in the bulk metaL It is 
unlikely that the calculated charge can refer only to the double ｬ｡ｹ･ｲｾｾ＠ because 
to be in the double layer with a rate constant for the transfer of hydrogen from 
-2 2 
the metal surface to the bulk of 10 em I sec (8 7) , the rate controlling step 
seems to lie within the membrane itself (in the absence of adsorbed layer of 
hydrogen). 
The true charge can be obtained by considering the momentum 
transfer coefficient between electrons and the component i, from the relationship: 
= z. 
1 
s . 
e1 
·- --
e 
(35) 
205o 
But the momentum. transfer coefficient, S . is only of significance where high 
e1 
current density conditions prevail (thousands of A/ em 2 ) o Under the low current 
density conditions in the present experiments the momentum. transfer can be 
considered insignificant and the second term in the Ro Ho S. of equation (35) ignoredo 
This would leave the actual charge Z. equal to ｴｨｾ＠ effective charge Z ?. " 
1 1 
z. 
1 
= z? = + Oo 26 
1 
In the absence of electron interference the terminal velocity or the mobility 
(69) 
of hydrogen in the lattice under the influence of the overpotential is determined 
by the frictional drag force of the lattice alone. 
In solving equation (34) the correlation factor, f, has been 
arbitrarily assumed as unity. This seems quite reasonable for a small interstitial 
species. For substitutional diffusion, f takes values from 0., 5 to 1. 0 (175). Also, 
a relation similar to equation (34) has been successfully applied in measurements 
of protonic drift in ice) {174) using a correlation factor of unity. 
The protonic nature of the electrolytic hydrogen, diffusing in the 
iron lattice has been often assumed, as outlined in the literature survey, but no 
reference could be found of an experimental determination of its chargeo 
Guentherschul.ze et al. (8) ascribed the high coefficients to the diffusion of protons, 
but were unable to evaluate their actual charge, and their postulation relied solely 
on the observation that the diffusion of hydrogen in the iron was as fast as 'PiDotons 
in the plasma. 
Significance of the ionised state of hydr_2gen 
The state of ionisation of hydrogen in the o<- -iron lattice should 
allow more accurate calculation of the effective size of hydrogen 9 which has a 
fundru.nental bearing on the elastic component of the activation energy during 
the diffusion (10) (61) o This in turn will allow more accurate evaluation of the 
pre .-exponential constant D (frequency factor) o 
0 
So far no agreement has been reached as to the size of hydrogen 
in the lattice.. Barrer (177) assumed it t? be 0" 48 R in radius and Ferro (10) as 
0 
Oo 30 A o It appears that the assumption of Ferro was nearer to the ｴｲｵｴｨｾ＠ as the 
activation energy calculated on this assumption9 and the experimental value of 
present and other investigations are in excellent agreement (Table 22) o 
The charge obtained here may correspond to an average valency 
if it is assumed that the electron is i.n a state of resonance between the K shell of 
the proton and the unfilled 3d sub-shell in the lattice (12) o The bond strength 
corresponding to 0., 1/0., 2 ev per atom is consistent with activation energies in the 
region of 2 -· 4 K cal on the basis of both ionic and covalent bondi.ng .. 
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Permeation 
7 0 4 .. 1 Time ､ｾｰ･ｮ､･ｮ｣･＠
Comparison of the pressure-time curve obtained during precharging 
and one determined immediately afterwards shows that whereas the two curves, 
if treated as time -lag curves, would result in two largely differing D values, the 
permeation as evaluated from the linear portions of the two curves would be very 
similar. This may explain the good agreement between values of permeation found 
in the literature, often quoted together with greatly differing coefficients .. 
However all permeation measurements as determined from the 
linear portion of the pressure-time curves are affected by the onset of the "barrier" 
which has already been identified with the layer of adsorbed hydrogen.. The unimpeded 
permeation would be somewhat higher as represented by the dotted line in Fig .. 36 .. ｾ＠
the steady state permeation as given by the experimental straight lines in Fig o 37 
represents flow of hydrogen through the adsorbed layer .. 
The experimental curves from Fig. 37 if replotted as rate transients 
would result in a curve shown schematically in Fig .. 38.. The rate maximum (with 
reJ:)pect to time) has been reported previously in several investigations (41) (87) (103) 
(107).. Becket al .. explained the occurrence of such maxima on the basis of the 
formation of pores into which the hydrogen is trapped in the course of diffusion .. 
Hydrogen trapped inSuch a manner, being n1oelcular in nature 7 should not exert 
any influence on the overpotential during polarisation, nor should it render the iron 
more noble afterwards, which is contrary to what has been observed in the present 
work (Fig .. 32). The ano1nally can in fact be eliminated by a "normalising" treatment 
involving polarisation at low current densities prior to the determination of the rate 
transient (or time -lag) curve o Such a treatment invariably results in lower permeatior 
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equivalent to the plateau past the maximum in the rate transient of Fig .. 38. Ｚｾ＠ and 
represents permeation impeded by the adsorbed hydrogen formed during the 
"normalising" treatment. Thus there is a correlation between the anomalous 
time-lag curves and the reported rate maxima. 
Occurrence of the maxima can also be explained by considering 
that initially the diffusion proceeds unimpeded and the rate rises. Then some 
of the discharged hydrogen is retained on the surface and ipso facto causes a 
decrease in the throughput. In addition the surface hydrogen allows less hydrogen 
subsequently to enter the cathode surface 7 corresponding to the decrease in the 
rate wl1ich ultimately eases into a lower steady level.. The adsorbed layer can 
block the passage of the discharged hydrogen in tw·o ways. It can block sites 
for the discharge and entry of the hydrogen into the metal substrate, or restrict 
the discharge rate by causing an increase in the electrode work function.. Hence 
higher energy lost in emission of the electrons would leave less energy available 
for the discharge of hydrogen. Experiments with a .. c .. current where hydrogen is 
continuously desorbed did not show a rate maximum, which supports the suggestion 
that l ｴｨｾ＠ . . \ adsorbed hydrogen on the cathode surface is involved. 
Relation to hydrogen evolution ｲ･｡ｾＡｩｯｮ＠ (IL E. R.) 
T1he plots of permeation against overpotentials presented in Fig. 44 
and Fig .. 45 resemble the Tafel plots, which correlate current densities with 
overpotentials. This is in agreement with ea:r lier observations and theoretical 
predictions made by Bodenstein (7) and other workers (14) (41) (87) (95) (97) (103) .. 
As for the hydrogen evolution reaction, the Tafel slope for the entry mechanism can 
be obtained from the permeation-overpotential plots at lower overpotentials (41): 
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ｾｅ＠
= ... 0.080 (72. a) 
The Tafel slope in ｴｾｩｳ＠ overpotential region, b1, has been determined as: 
(65. a) 
= --3 F 
4 2. 303 RT (65. b) 
A remarkable similarity is evident between the two slopes. By analogy the slope 
of permeation -potential dependence can be equated to the R. H. S. of equation (65. b). 
dE 4 2. 303 RT (72. b) J log10r = --3 F 
«.. 
3 
= -1 4 
This remarkable resemblance between the entry mechanism represented by the 
permeation - overpotential relation and the discharge mechanism given by the 
current density - overpotential dependence suggests that in the absence of an 
adsorbed surf ace layer hydrogen enters the metal in the same elementary act in 
which it is discharged as proposed by Bagotskaya (103) and Frumkin (104). The 
mechanism may change, however, as the adsorbed layer builds up with time 
(Fig. 32). 
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7o4o3 Dependence on ｣ｯｶ･ｲｾｾ＠
The instantaneous coverage with hydrogen of the available surface 
for the entry of hydrogen i.nto the iron can be correlated with the overpotential 
by equation (27) (section lo 6o 2) ｾ＠
-EF/RT e = e e 
0 
ln9=lne 
0 
F E RT 
(37) 
(37 o a) 
Comparison of equation (37 D a) and (72o b) shows that there is a direct proportion-
ality between permeation and coverage which confirms the relation given by 
equation (41) originally derived by Bodenstein (7): 
(41) 
At higher overpotentials e approaches e and becomes independent 
0 
of the overpotential, which denotes instantaneous occupation by hydrogen of all 
available sites for the discharge and entry into the lattice under the given 
experimental conditi.on.. Such state of affairs seerns to prevail at cathodic over-
potentials in excess of 0. 42 volts (vs So HoE .. ) in M/3 H2So4 ? equivalent to 
the second mechanism of hydrogen evolution reaction with b2 of 0 .. 12 volts and 
oL 1 
2 of 2" 
Permeation follows a similar trend as the coverage 9o It departs 
from linearity and finally becomes constant and independent of the overpotential.. 
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This is a typical Langmuirian behaviour (Figs .. 44 and 45)., The Langmuirian 
behaviour is exhibited at all temperatures and at every concentration of the 
electrolyte investigated., As expected from the theory, the values increase with 
temperature (Figo 44) and show dependence on dilution in the plot against over-
potential (Fig., 45).. It is interesting to note that a given permeation is obtained 
at higher overpotentials with increased dilution but at high overpotentials all 
the curves converge to give a constant rate independent of the potentiaL This 
observation adds to the general consistency and interdependence of basic 
constants for the evolution and entry mechanisms. 
7o4o4 Current density ､･ｰ･ｮ､･ｮ｣Ｚｾ＠
An attempt made to plot the permeation values against square-
root of corresponding current densities did not result in a straight line through 
the origin., This is in conflict with the theoretical postulation of Bodenstein and 
ｯｴｨ･ｲｳＺｾ＠ outlined in section lo 6. 3. A direct plot of permeation versus current 
density did result in a straight line through the origin, which can be seen in 
Fig" 48 and Fig .. 49.. This relation holds only over a limited range of current 
2 densities with a deviation obtained at approximately 12 :m.A/cm o This :r.egion 
corresponds with the first mechanism of the evolution and entry of hydrogen 
into the lattice., Comparison of equations (65 .. a) and 72 .. b) shows that: 
= (73) 
Hence: p o<... i (74 .. a) 
p 
= ki (74. b) 
,----------- ----- --- . 
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Thus a linear relation between permeation and current is in agreement 
with the evolution and entry mechanisms.. This relation has been postulated 
theoretically by Kelly (97) for slow discharge -fast electrochemical desorption and 
fast discharge-slow electrochemical desorption (mechanisms I and III:) section 
1 .. 6. 2) Ｚｾ＠ which is in agreement with the mechanisms deduced earlier in the discussion .. 
No experimental data for the above relationship could be traced in 
the literature for the iron, but it has been ｲ･ｰｯｾｴ･､＠ for by Heath (88) for the 
permeation of hydrogen through a palladium membrane.. It is evident from Fig .. 49 
that the diffusion in the low potential region is controlled by the lattice alone 11 
because only then can the permeation be directlY: .. proportional to the current 
density ( that is the rate of supply of hydrogen on the polarisation side) and 
irrespective of the solution ｳｴｲ･ｮｧｴｨｾ＠ A similar conclusion can be deduced fre>m 
the increase in slope of the straight lines with temperature (Fig. Ｔｾ Ｍ ｾ Ｉ＠ .. 
The steady permeation after the onset of the surface adsorption 
(Fig .. 37) does not conform with the above considerations and results in a curve .. 
However, when plotted as a function of square-root of current density it exhibits 
2 
a straight line relationship this time (Fig .. 55) up to about 35 mA/cm , which 
coincides exactly with the change in mechanism for the initial process (in the . 
absence of adsorbed hydrogen). (A log-log plot yields a slope of ; indicating 
.. .... , 
that a square -root dependence on current density is in fact valid) .. This suggests 
that the mechanism may change with time as well as with increase in current 
density, hence the dependence of permeation on the square-root of current density 
observed in several previous investigations (7) (41) (52) (62) (75) (87) (95) 1l occurs 
only in presence of adsorbed hydrogen. The adsorbed hydrogen had been formed 
prior to the actual polarisation in those investigations where the "normalising" 
treatment was performed; in other cases the adsorbed hydrogen may have persisted 
if experiments were done in quick succession without waiting for the adsorbed layer 
to decay. 
A square-root relationship supports the mechanism proposed by 
Bockris et aL (41) which assumed that for the low potential range the mechanism 
of hydrogen evolution on iron in acidic solutions involves an adsorbed intermediate 
state before entering the metal lattice .. 
Relation to the total discharged hydrogen 
·-1 3 From Faraday's law one coulomb should produce L 1.6 x 1.0 em of 
hydrogen .. The amount of hydrogen passing through the membrane per coulomb 
of electricity at the cathode surface can be found from the slope of the straight 
line in Fig .. 49 .. 
-6 dP 2 .. 6 X 10 (75) == di 10-2 
-4 3 
= 2. 6 X 10 em /coulomb 
This value corresponds to the constant 1{ in equation (7 4 .. b) .. Since this current 
denslty region corresponds to low coveragel' there is theoretically no reason 
not 
why all the discharged hydrogen should/be able to find its way into the membrane 
and pass through it, and indeed no hydrogen bubbles are visible on the solution 
side in this potential region .. Hue the amount entering the metal is much smaller 
than the total hydrogen discharged: 
theoretical amount evolved 
experimental permeation = 
= 445 
(76) 
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The two quantities can be compared with the corresponding reaction 
rateso 
H evolved on solution side ｾ＠
= H permeating 
= 445 
where 1)_ and k2 are the relevant rate constants. Such a high ratio suggests that 
there is some intermediate step between hydrogen discharged and evolution.. The 
participation of hydrated electrons may well fulfil the necessary requirements. 
As pointed out by Hart (186) in his review· of properties of the 
hydrated electron, both the hydrogen and the e -· give identical products , and 
aq 
in many cases it is impossible to prove the participation of e- rather than the 
- aq 
hydrogeno The e can be converted into hydrogen atoms by the following 
aq 
reaction: 
e + 
aq = (76. b) 
The ratio of reaction constants for the reaction of the hydrated electron, e 
aq 
and of hydrogen with hydrogen peroxide (1.86) respectively: 
ke- H202 
aq 
kH H202 = 500 (78) 
If the bulk of charge transferred was due to the emission and passage of electrons 
into the solution then it would account for the ratio in equation (77) .. 
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There is no sufficient proof that this reaction takes place at the cathode surface .(Eqno 7' 
but hydrogen would be produced in atomic form in this way (and not molecular 
hydrogen which is the case in electrochemical desorption or the Tafel recombination) 
and this would account for the absence of gas bubbles during the cathodic hydrogen 
evolutiono Dissolution of molecular hydrogen cannot account for the absence of 
bubbles since the electrolyte is saturated w'ith hydrogen gas o A profusion of 
hydrogen bubbles was observed with a heavily cold worked iron membrane at the 
lowest current density (0 o 66 mA/ em 2) normally employed so the product of reaction 
seems quite sensitive to the state of the surface o Atomic hydrogen with a half -life 
of about 5 minutes formed in the electrolyte during cathodic polarisation has been 
identified by Krutena.t and Uhlig (1.70) o 
It remains to be seen in what way the presence of the catalytic 
promoters such as As or S, affects the hydrogen entry mechanism in the light 
of the above observationso 
The activation energy of 5600 cal/mole obtained for the permeation 
at lower overpotentials is in fairly good agreement with values of other investigators 
(Table 3) o 
For the process at higher overpotentials, with high surface coverage, 
the activation energy was found to be 4500 cal/moleo The decrease corresponds 
exactly to the increase in the activation energy of 1050 for the diffusivity in this 
potential regiono Thus an increase in activation energy for dufusion seems linked 
to a decrease in the energy for the permeation processo The connections between 
P, D and S indicate a change in effective stability at the surface which is borne out 
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by the independent experimental evidence that the time necessary for the decay 
of the adsorbed hydrogen is much longer after polarisation in the higher potential 
region. 
Although the two activation energies differ somewhat the pre-
·exponential factors are almost identical being L 7 x 10-2 em 3 em - 2 sec -l 
•u2 3 •-2 •-1 for the process of lower overpotentials and 1. 2 x 10 c:m em sec for the 
other process. From the consideration of the relation given by equation: 
p = 
De 
0 
d 
3 -2 -1. (em em sec ) 
it can bet seen that for a unit thiclmess (d = 1 em) equation (10) reduces to 
equation (5), which is given as: 
= D S 
2 -1 (em sec ) 
(10) 
(5) 
where cJ denotes permeability. From a comparison of the two equations it: 
becomes clear that the permeability, cJ, is related by permeation, P!) by the 
following way: 
= Pd (81) 
The general expressions for the temperature dependence can therefore be 
rewritten in terms of permeability, through multiplication of the pre ·-exponential 
constants by o. 095 em, the thickness nf the· . membtanes: · 
-3 ( 5600) ¢ = 1. 6 x 10 exp - RT 2 ·-1 em sec (82) 
= 
-3 ( 4500) 1 .. 14 x 10 exp -- RT 2 -1 em sec 
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(83) 
This form of expression allows comparison of work with different membrane 
thiclmesses. These values will be further discussed in section 7. 6. 
From the temperature dependence of the per1neation/current density 
plot it can be seen that the constant kin equation (74. b) can be obtained for 
different temperatures from slope of the corresponding curve. At 25°C it was 
-4 3 found to be 2. 6 x 10 em H/coulomb, as already pointed out. Increase in 
the constant denotes the possibility of faster hydrogenation at the higher 
temperatues, in the absence of adsorbed hydrogen. 
Permeation under transient conditions 
Determination of time·-·lag curves and hence permeation in quick 
succession resulted in a maximum in the permeation-potential curve compared 
with the curve obtained after the attainment of equilibrium potential after every 
polarisation (Fig.l9 and Fig. 47). The term "partial" barrier may be used to 
describe the conditions of the adsorbed hydrogen only partially removed during 
the short interval of time between every successive determination. 
The lower values obtained under the transient conditions (c. f. Fig. 47) 
show quite conclusively that the adsorbed layer can reduce the rate very 
appreciably. It shows also that at very high current densities (or overpotentials) 
the rate of permeation is lower not only in comparison with the free surface, but 
falls below the values obtained at lower current densities. A similar observation 
has been reported by Baukloh and Zimmermann (106) and more recently by Beck 
et al. (41) • Beck and associates explained this anomaly using a concept of critical 
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concentration, this being the concentration of hydrogen in the lattice on the 
solution side which caused permanent damage by blister formationo Its occurrence 
was considered to coincide with the occurrence of the maximum in the permeation/ 
current density ploto 
Since the anomaly is removed provided enough time is allowed 
between every determination for the adsorbed hydrogen layer to decay, it is 
clear that the occurrence of the maximum is. connected with bound surface hydrogeno 
Hence a critical concentration cannot be solely responsible for this anomaly o 
The maximum obtained in the initial results for the permeation 
current density plots (Fig" 19) can also be explained in this way" 
Figo 46 shows the values of permeatioh obtained from an argon 
saturated electrolyte compared with hydrogen saturation.. In conformity with 
the trend of corresponding diffusion coefficients, (Fig" 39), values obtained with 
argon are lower at low overpotentials, and very low in the higher overpotentiaJ.' 
2 
region. Polarisation at potentials greater than 0 o 45 volts ( ｾ＠ 35 rnA/ em ) 
caused irreversible passivation of the cathode surface, in contrast to the 
behaviour of hydrogen saturated electrolytes o After polarisation at the high 
overpotentials, the open circuit potential of iron dropped well below the previous 
equilibrium value, and did not regain this level even after three hours exposure 
to the continuously stirred electrolyteo Determination of a time·-lag on the 
passivated membrane resulted in a very low permeation value although the 
diffusion coefficient complied with the general trend (Fig" 39) o It i.s therefore 
evident that what seems to be affected is the number of active sites for the entry 
of hydrogen into the ｭ･ｭ｢ｲ｡ｮ･ｾ＠ possibly by strongly adsorbed argon atoms, or 
even saturation of the lattice adjacent to the surface with the inert gas.. Entry of 
inert gas into the lattice has been proposed by Guentherschulze and Winter (68) 
to account for their observation that discharge through argon, neon and helium 
rendered an iron membrane opaque to hydrogen, w·hich persisted for about 40 
hours .. 
Similarly the maximum in permeation with current density reported 
by Beck and associates for an electrolyte saturated wi.th nitrogen (41), while 
partly due to the adsorbed hydrogen, is probably largely due to interference by 
the inert gas.. The irreversibility obtained in their case after polarising at 
50 mA/cm2 is clearly due to the effect just described .. 
De:pendence on membrane ｣ｯｭｰｯｳｩｴｩｯｾ＠
It can be seen from Fig .. 50 that the permeation values obtained with 
0 .. 10% carbon alloy are in conformity with the diffusion coefficients (Fig .. 41) in 
that both are much higher than for the iron.. It seems that the factor responsible 
for these values was the high throughput of hydrogen at zero current by the steady 
corrosion of the membrane surface.. Colloidal carbon released as a corrosion 
product could have contributed to the high throughput in the same way as carbon 
produced at the cathode by the reduction of organic contaminants which acts 
in the same way as other catalytic activators for the hydrogen entry reaction .. 
More results are ｮ･･､･､ｾ＠ possibly polarisation in alkaline solutions where the 
corrosion of steel is low, to show whether the carbon saturation of the lattice 
in this case is contributing to the overall effect .. 
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7.5 ｾｯｬｵ｢ｩｬｩｴｹ＠
7.5.1 Calculation of retained hydrogen 
From the pressure-time curve obtained during the precharging and 
the curve determined on the precharged membrane at a similar current density 
soon afterwards, the amount of hydrogen retained within the metal, under the 
experimental conditions employed, can be evaluated.. It is proportional to the 
difference in pressure between the linear portions of the two curves (Fig .. 36) .. 
This pressure is equivalent to the pressure "lost" to ariy internal traps. 
Disregarding the amount consumed in reduction of any inherent oxide layer, 
the difference in pressure of 5 .. 5 microns Hg in a volume of 115 ml. and a 
membrane mass of 0. 216 gmo produces a figure of 0. 32 p.p .. m .. (by weight) or 
-2 3 3 2. 8 x 10 em H/cm Fe of hydrogen permanently retained within the metaL 
The figure obtained is higher by a factor of 5 than the constant 
-3 3 3 
value of 6 x 10 em H/ em Fe at the high overpotentials (Fig o 53) .. This shows 
that the lattice solubility represented by the latter figure is small in comparison 
with the occlusive capacity of the traps even under conditions of high rates of 
hydrogen input. 
Rate of occlusion 
In the absence of surface oxides and the adsorbed hydrogen layer 
and at low overpotentials (low c. d .. ) , the rate of hydrogenation that could be 
obtained is proportional to the rate of permeation under the experimental conditions 
of solution variables and current density employed. This is evident from the 
relationship given by equation (10) : 
De 
0 
d (10) p = 
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The lattice diffusion coefficient is not altered in the presence of the traps; these 
merely act as sinks for the diffusing species, a.nd their quantity represents the 
capacity for hydrogen occlusion of a particular structure o The high affinity of the 
traps for hydrogen causes gradual saturation of these by the continually supplied 
hydrogen and movement of the so·-called "hydrogen diffusion front 11 (130) deeper 
into the metaL This gives rise to the anomalously low D values which has been 
discussed already in connection with prechargingo 
Thus the trapping mechanism slows down the movement of the 
interstitial diffusion front, but not the intake of hydrogen, since the latter would 
be controlled by the current density and solution variables (eo go presence of 
catalytic promoters) o Such intake of hydrogen occurs only in the absence of the 
adsorbed layer in the lower overpotential region (low· €>) o 
The above considerations are also true in presence of the forced 
diffusion conditions, since the forced diffusion component moves the hydrogen 
diffusion front faster into the bulk of the metaL 
In the presence of free surface conditions the rate of hydrogenation 
can be obtained from equation (7 4 o b) o The proportionality constant ｾ＠ can be 
obtained from the slope of the permeation-current density curve of Figo 48 for the 
room temperature, and for tither temperatures from Fig o 48 o 
At the room temperature the slope of the straight line is: 
dP 
di 
-4 
= 2. 6 X 1.0 em 3 I coulomb (75) 
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Rearranging and integrating the above expression gives: 
p = 2. 6 X 10-4 i . + const. (78) 
3 -2 -1 P = permeation ) (em em sec ) 
= rate of hydrogenatio:r) 
i = current density (A/ cm2) 
The mean:ing of the constant obtained from integration becomes evident when the 
corrosive action of the electrolyte on the membrane surface is considered. Due 
to corrosion more hydrogen will enter the metal and thus add to the total rate of 
hydrogenation. When discussing the time-lag curves it has been said that the 
pressure rise due to hydrogen charged by the polarisation current merely added 
to the previous "background evolution." This has been ident1fied with hydrogen 
entering the membrane as a result of corrosion of the metal surface by polarising 
the membrane anoilically (which reduces, however, gradually this value to virtually 
zero (c. f. Fig. 20)) . The total rate of hydrogenation in pure sulphuric acid at low 
current densities for the room temperature can be given as: 
-4 3 -2 -1 
Ptotal = 2. 6 x 10 i + P corr. (em em sec ) (79) 
I -7 3 -2 -1 For M 3 H2so4 P was found to be 2. 4 x 10 em em sec , the above corr. 
expression then becomes: 
-4 -7 3 -2 -1 
Ptotal = 2.6 x 10 i + 2.4 x 10 (em em sec ) (80) 
The above relation applies only at very low current densities. At higher current 
densities (higher applied voltage) the "cathodic protection" will stifle the surface 
corrosion and result in even lower values of P 
corr. 
Once the traps become saturated with hydrogen further rate of 
hydrogenation will be determined by the lattice concentration of hydrogen alone 
in accordance with Fick' s laws of diffusion. In practice the adsorbed hydrogen 
layer builds up very early during the polarisation and causes a departure from the 
linear dependence of permeation with the current density (Fig. 55), which in turn 
causes a change in the constant k of equation (74, b). Nevertheless the 
permeation-time relation remains constant even under the influence of the 
adsorbed layer, at a particular current density (c. f .. Fig .. 37). This means that 
the rate of hydrogenation and hence the amount of hydrogen retained by the iron 
or steel would still be a linear function of time providing any given conditions 
remained strictly controlled. A linear relationship in hydrogen content with time 
of polarisation (at low overpotentials hence current densities) of tempered high 
strength steel has been observed by Bolton and Shreir (134) , and their results may 
be explained in this manner. The rate of filling of traps at constant temperature, 
constant purity of the electrolyte and low current ､･ｮｳｩｴｩ･ｳｾｾ＠ will depend not only 
on the impressed current but also on the strength of the solution and its reactivity 
towards the iron or steel (different P ) . 
corr. 
At higher temperatures the rate of hydrogenation is expected to 
increase due to the variation with temperature of the proportionality constant k 
in equation (7 4. b) (slope of the straight lines of Fig. 48) and an increase in the 
corrosion rate contribution (P ) • 
corr. 
Since the mechanism of the hydrogen evolution reaction appears to 
change at higher current densities, comparison of hydrogenation rate obtained under 
these conditions with those at low currents (1.38) seems unprofitable. ｓｩｭｩｬ｡ｲｬｹｾ＠
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hydrogenation in conditions where the rate of surface corrosion is enhanced duri.ng 
the experiment eo g. in the presence of dissolved oxygen or where the two electrodes 
are kept in one compartment, should not be compared with the one obtained under 
rigidly controlled conditionso 
Even under the rigorous conditions employed in the present ｷｯｲｫｾ＠
the corrosion contribution could not be prevented altogether by cathodic protectiono 
It is therefore possible that there may be an additional mechanism for "background" 
evolution (permeation at zero current, Figs., 30 and 31), and experiments with the 
thiourea seem to reinforce this view as will be shown in the following section. 
Effect of thiourea 
When discussing the effect of thiourea in section 4. 301 it was assumed 
that the large throughput of hydrogen was due to enhancement of the anodic reaction 
by this sulphur bearing organic complex. A further survey of the literature revealed 
that the concentration of thiourea used (10 -4 Molar or 3. 9 mg/litre) corresponds to 
steel 
the highest inhibitive power for the dissolution of iron and mild/m lN ｈｾｓｏ＠ 4 (188). 
Addition of thiuurea reduced the corrosion rate from 2 x 10-4 gm I em /h to 3 x 10 -B 
gm/ em 2 /h, that is by two orders of magnitude. Hence corrosion of the iron with a 
large loss of metal to form ferrous ions cannot be solely responsible for the high 
hydrogen throughput. 
Furthermore, stirring of the solution resulted in a decrease of hydrogen 
permeation. If corrosion were responsible, an increase would be expected by bringing 
fresh corrosive medium in contact with the irono The iron used had a total impurity 
content of about 150 p. p. m. (J 0 M 0 Table 5). Although it is difficult to suggest an exact 
mechanism to account for the ingress of hydrogen into the iron, it may be similar to 
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"electroless" plating with a nett reaction producing hydrogen which then enters 
the metal .. 
Electrolyte concentration dependence 
Fig. 53 shows that the lattice concentration of hydrogen on the: 
polarisation side of the membrane resembles closely the behaviour of permeation 
and as for the permeation a Langmuirian behaviour is obtained. Similarly as for 
the ｰ･ｲｭ･｡ｴｩｯｮＺｾ＠ concentration of hydrogen just underneath the surface depends 
on the instantaneous surface coverage with the discharged species .. 
c :=: 
0 
k @· 
0 
(82) 
Where k is a constanto The above expression will hold even under conditions 
0 
of the forced diffusionl} except that in such a case the individual atoms would reside 
there for a shorter time than in the case of thermally activated diffusion .. 
The curves are displaced to higher overpotentials with lower 
concentrations (Fig .. 45) but if plotted against the log of current density they would all 
fall on one curve of the same Langmuirian shape. These concentrati.ons (in the metal) 
are produced by the polarising current; the total concentration would depend on an 
additional contribution due to the surface corrosion, but this amormt is negligible in 
comparison with the terminal value at high overpotentials. 
If the contribution due to corrosion is disregarded, the concentration 
of hydrogen wi.thin the lattice on the polarisation side of the membrane is determined 
by the current density alone.. It is independent of the strength of the electrolyte, 
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but it will depend on the presence of catalysts for hydrogen entry into the lattice. 
Temperature dependence 
Values of the lattice concentrati.on of hydrogen c at different 
0 
temperatures calculated from the corresponding D and P values according to the 
relationship given by equation (1.0) produced relatively large scatter. This was 
due to the accumulation of experimental errors from the determination of the D 
and P values. It can be seen in Fig. 52 that the curves exhibit the same 
Langmuirian behaviour as the values of permeation. Accuracy in this case is 
not essential since the activation energy for the process could be obtained more 
easily from QD and Qp from the relationship: 
= (62) 
The subscripts, P, D, S denote permeation, diffusivity and solubility respectively. 
For the process at low overpotentials (low coverage) the value of 
Q8 of .c4150 cal/mole is somewhat lower than the values reported in the literature 
for iron and 1nild steel (Table 4) o 
For the process at high surface coverage and in the region where 
coverage is independent of the overpotential, the activation energy obtained was 
+2100 cal/ mole o This means that the process of dissolution under the mentioned 
conditions is more exothermic in nature. 
The pre-exponential factor in the general expressions for the two 
processes are of little value in establishing the precise mechanism of the dissolution 
reaction since no fundamental reference solubility could be used in their evaluation. 
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Although the constant concentration obtained at the high overpotential appears to 
represent saturation, it cannot be treated as a constant since higher values are 
possible in presence of catalytic poisons. 
The critical concentration 
No critical concentration could be observed in the present work, 
unless the constant value at high overpotentials can be regarded as one.. Attention 
is drawn however to this term, since it has been used by Beck et al. (41) to their 
observati.ons in a somewhat related experimental set up.. The authors observed 
that under strictly controlled experimental conditions polarisation is successive 
steps of a pure iron membrane in dilute sulphuric acid, stirred (hence saturated) 
with nitrogen, resulted in irreversibility after passage of currents in excess of 
about 40 mA/cm2. This irreversibility revealed itself as a very low permeation 
obtained at lower current densities, as determined in experiments after the critical 
current density had been exceeded .. 
Experiments performed in the present work under transient 
conditions showed a maximum in the permeation-current density (or overpotential) 
dependence at about the same current density as reported by Becket. al .. , which can 
be appreciated from Fig., 19 for the initial results and from Fig .. 47 for the following 
series of experiments. In addition it can be noticed in Fig .. 46 that in the presence 
of an inert gas (argon) a maximum is also exhibited at about the same current 
density as with the other experiments. Reversibility and higher permeation values 
were obtained however when hydrogen stirred electrolytes were employed and the 
adsorbed hydrogen layer allowed to decay after the preceding polarisation (Fig. 32). 
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Thus the "critical ｣ｯｮ｣･ｮｴｲｾｴｩｯｮＢ＠ observed by Beck and associates 
can be ascribed to two simultaneous effects: adsorption of hydrogen and adsorption 
of the inert gas on the membrane surface. This composite adsorbed layer, 
stabilised in presence of the nitrogen, ､･｣ｾｲ･｡ｳ･ｳ＠ permeation on subsequent 
polarisation at lower current densities by obstruction of sites for the discharge 
and entry of hydrogen. In view of the fact, that although low permeation values 
were observed, the diffusion coefficients obtained on the contammat:ed membrane 
were in good agreement with the general trend of the values obtained at lower 
current densities, it can be concluded that the cause for the anomaly observed 
must be largely due to a stable adsorbed surface layer which blocks the entry for 
the discharged hydrogen. The effect of "critical saturation" is not altogether 
excluded but experiments with hydrogen saturated electrolytes result in total 
reversibility. It can only contribute to the overall effect, but not to the irreversi·-
bility. A similar observation was made elsewhere with membranes which were 
exposed to electrical discharge in a rarefied inert gas, prior to the diffusion 
experiments with hydrogen (68). 
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7.6 Relation Between Permeability and the Diffusivity 
It has been shown in section 1. 3. 2 and in section 7. 4. 6 that the 
permeability fZ'> is dimensionally similar to the diffusivity D, and both can be 
expressed as length squared over time (em 2 sec-). This dimensional correlation 
has been derived earlier by Rogers, Buritz and Alpert (63) in their mathematical 
analysis of the time·-lag method. Representation of the permeability as cm2sec-l 
can be visualised as that area in a unit plane during the diffusion which is occupied 
by the diffusing atoms. Thus the permeability is strictly limited to the available 
intersticial voids along the paths of which the diffusion proceeds. A maximum 
value for fZ'> is therefore expected, when all the voids are occupied by the diffusing 
atoms on the input side of a membrane. 
Hence if an evaluated quantity is found to have the dimensions 
em 
2 
sec -l it does not necessarily follow that this quantity represents the diffusivity, 
and a further qualification is required to justify such an assumption. It can be 
assumed generally, that if the solubility, S, appeared as a factor in the evaluation 
of the dnfusion parameters, then the quantity obtained is the permeability. If S 
was used as a quotient then the value obtained is the diffusivity, D. 
Attention is drawn to the correlation between fZ'> and D, in view of 
-3 -3 2 -1 
the fact that the pre-exponential factors, f6 , of 1.14 x 10 and 1. 6 x 10 (em sec ) 
0 
in the general expressions for the permeability obtained in the present work (section 7. 4. 6) 
are remarkably similar to a number of D values reported in the literature (Table 2. A) a 
0 
Most of these values were obtained from the effusion experiments. The corresponding 
QD values reported by these authors resemble also the activation energy obtained for 
the permeability in the present work. 
A detailed analysis of the methods of calculation adopted by 
individual workers is required to ensure adequate comparison. 
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SECTION 8 CONCLUSIONS 
Initial results 
Diffusion coefficients obtained on fully outgassed membranes 
are abnormally low and represent diffusion under the influence of the active traps. 
A dual nature of the diffusion process can be separated into 
initial fast and a secondary slow regime.. The initial diffusion stage yields 
coefficients which are independent of membrane thickness but vary with the current 
density in the electrolyte to give a maximum of 5. 5 x 10-5 em 2 sec -l at approximately 
30 mA/cm2. The secondary diffusion process yields coefficients approximately two 
orders of magnitude lower than for the initial diffusion and these vary with membrane 
thickness .. 
On the basis of the dual nature of the experimental time-lag 
curves, the formation of a barrier to hydrogen flow in the course of the diffusion 
can be postulated.. Calculation of the effective barrier thickness enables the correction 
of apparent coefficients reported in the literature and quantitatively predicts the 
anomalous thiclmess effect .. 
Experiments with thiourea showed that a large throughput of 
hydrogen through an iron membrane can be obtained in the absence of cathodic 
polarisation. This allows the determination of a diffusion coefficient at zero current 
-5 2 -1 density (4. 2 x 10 em sec ) , which closely approaches extrapolated value from high 
temperature experiments. 
The variation of permeation and diffusion coefficients with current 
2 density both yield a maximum at approximately 30 mA/ em . 
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Further results 
Precharging of the membranes with hydrogen was found essential 
in order to get reproducible results. 
The variation of the overpotential with time (on precharged membranes· 
was found to be due to the formation of an adsorbed layer of hydrogen, which renders 
the iron more noble (passive). The adsorbed layer can be removed by allowing it to 
decay; this process can be accelerated with the aid of an a. c. current or anodic 
polarisation. 
Saturation of the electrolyte with argon interferes with the hydrogen 
evolution reaction (h. e. r), and causes permanent passivation of the iron after 
polarisation at higher overpotentials. 
A linear Tafel relationship is only obtained with initial overpotential 
values. The equilibrium overpotential can be regarded as the sum of "discharge" 
and "adsorption" overpotential. 
A change in the h. e. r. takes place at ES. H. ｅＮｾ＠ - 0. 43 volts in 
0 M/3 H2So4 at 25 C. Tafel slopes of b1 = 78 mV /decade and b2 = 120 mV /decade 
were obtained for the lower and higher overpotential regions respectively. The 
corresponding transfer coefficients are c<..1 = ! and <>{.2 = ｾ＠ . From the electro-
chemical constants it may be inferred that the controlling step in the h .. e. r. is 
electrochemical desorption. 
The diffusion constant obtained at very low overpotentials in pure 
acid solutions (4. 17 x 10-5 cm2sec -) remains close to the value obtained with thiourea 
(4 .. 2 x 10-5 cm2sec -). A closely similar value (4.1 x 10-5 cm2sec -) can be obtained 
with the aid of an a. c. current. 
I-Iowever the diffusion coefficient (D) for electrolytic 
hydrogen varies linearly with further increase in overpotent.ial (E) which thus 
represents conditions of forced diffusion. The slope of the D/E relationship 
was fotmd to be - 4. 25 x 10-4 cm2 /sec/volt a quantity of the same magnitude 
and dimensions as the mobility of H3 0 + in dilute acidic solutions. 
Combining the values for the mobility and diffusivity of 
electrolytic hydrogen indicates that the diffusing species is positively charged .. 
The effective charge is calculated to be + 0. 26. 
A general expression for the temperature dependence of the 
diffusion of hydrogen in GL -iron can be given as: 
-4 2 -1 D = 4. 91 x 10 exp ( - 1450/RT) em sec 
At higher overpotentials (corresponding to high surface coverage) the general 
expression was fotmd to be: 
-3 2 -1 D = 6. 75 x 10 exp ( - 2500/RT) em m·ec 
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Coefficients obtained on 0 .. 1% iron-carbon alloy were higher than 
those for the pure irono Experiments with spheroidised 0 .. 25% iron-carbon alloy 
showed that the diffusion coefficient was about 2 orders of magnitude lower than 
for the pure iron, and showed that diffusion in a two phase alloy is more complex 
than in a. single phase. 
It has been confirmed that permeation of electrolytic 
hydrogen through a membrane is strictly related to the overpotential on the 
polarisation sideo In the absence of adsorbed hydrogen the permeation-over-
potential curve exhibits a typical Langmuirian behaviour. 
From the similarity of constants for the hydrogen evolution 
reaction and the entry into the lattice mechanism it is concluded that in the 
absence of adsorbed layer, hydrogen enters the metal in the same elementary 
form in which it is discharged. 
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The low ratio of permeating hydrogen to that evolved on the 
solution side Q.: 455) is numerically similar to the ratio of rate constants for the 
reaction of hydrogen and a hydrated electron. This suggests that the hydrated 
electron may play a part in the cathodic reaction. 
A general expression for the permeability at lower overpotentials 
was derived as: 
-3 ｾ＠ = 1. 14 x 10 exp (- 5600/RT) 2 -1 em sec 
Permeation through 0.1% carbon steel membrane also exhibited 
a Langmuirian behaviour and was higher than through the pure iron. 
Values of diffusivity and permeation obtained under transient 
conditions (with retained adsorbed hydrogen) both exhibit a maximum with over-
potential, as a result of increased stability of the adsorbed layer at higher 
overpotentials (current densities) . 
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The presence of an inert gas (argon) :in the electrolyte decreases 
the diffusivity and the permeation at lower overpotentials, and causes irreversibility 
at higher overpotentials. 
Carbon deposited on the cathode surface acts in the same way 
as the catalytic poisons. 
Hydrogen trapped in the membrane can be determined by combining 
results from the precharging procedure with values obta:ined after precha.rging (at 
a similar current density). A method for determining the rate of hydrogenation by 
the cathodic polarisation has been deduced. 
The concentration of hydrogen in the solution side of the membrane 
was found to exhibit a Langmuirian behaviour with the overpotentiaL 
Adsorbed surface gases have been found to satisfactorily explain 
all the surface effects previously attributed to the existence of a critical concentration 
just below the membrane surface. 
--- - - ------- -----------------------
Suggestions for Further Work 
1. Measurements of Hall voltage during the diffusion of electrolytic 
hydrogen are expected to offer a qualitative proof for the flow of 
positively charged ions. (experiments currently in preparation) . 
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2. Diffusion experiments through membranes of Fe - Si and Fe - Al alloys, 
possibly with compositions corresponding to the electron saturated 3d 
sub-shell, could establish the association of hydrogen with the sub-shell. 
3. Extension of present considerations to the Pd/H, Ni/H and other systems. 
4. Diffusion experiments through martensitic membranes in electrolytes 
of higher pH, to decrease the interference of surface corrosion, can 
supplement data for this important structure. 
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TABLE 1 
SOME BASIC FORMS OF HYDROGEN SUGGESTED PRESENT IN 
o(...-IRON, STEELS AND RELATED ALLOYS 
State 
molecular 
atomic 
positive ion 
screened ion 
negative ion 
ion-molecule 
methane 
epsilon-carbide 
tmspecified compol.Ulds 
Formula 
Ho 
2 
Ho 
H+ 
+-(H) 
H 
H+ 
2 
Refs. 
(3) (6) (9) (11) (28) 
(7) (8) (12) (13) (14) (18) (28) 
(8) (12) (15) (16) (1.7) (19) (20) (28) 
(8) (11) (21) 
(1.2) (17) (19) (22) (23) (24) 
(25) 
(29) (30) (31) (32) (33) 
(34) 
(3) (17) (35) 
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TABLE 2.A. 
DIFFUSION COEFFICIENTS FOR HYDROGEN IN oL-IRON AND MILD STEEL 
DRAWN FROM THE LITERATURE 
D D exp (- Q/RT) em 2 -1 = sec 
0 
D Q D25°C Material Authors Ref. 
ｾ＠
0 
2 -) (em sec (cal/ mole-) 2 -) (em sec 
1.1 X 10 -2 8740 4. 28 X 10 -8 iron Barrer (62) 
7.6 X 10-4 2280 1. 5 X 10 -5 iron Sykes, Burton and Gegg (71) 
2.2 X 10-3 2900 1. 64 X 10 -5 iron Geller and Sun (4) 
8. 8 X 10 -4 3050 4.2 X 10-6 iron Stross and Tompkins (72) 
-3 2900 X 10-6 Stross and Tompkins (72) L 2 X 10 8.6 iron 
. -4 
9, 3 X 10 2700 8.2 X 10-6 iron Eichenauer et al. (73) 
2.1 X 10 -3 3300 6.4 X 10-6 mild Smialowski (74) 
steel 
5 .. 3 X 10 -3 3400 5.0 X 10-6 mild Frank, Swets and Fry (170) 
steel 
1. 9 X 10 -2 6320 4.4 X 10-7 mild Frank, Swets and Fry (70) 
steel 
-3 3300 -5 Raczynski (75) .2.3 xlO 1. 0 X 10 iron 
1.4 X 10 -S· 3200 4.4 X 10-6 iron Johnson and Hill (44) 
1. 2 X 10-l 7820 2. 2 X 10 -7 iron Johnson and Hill (44) 
-3 3000 -5 Raczynski and Stelmach (85) 2. 6 X 10 1. 6 X 10 iron 
1. 42 X 10 -3 3270 4.6 X 10-6 iron Wagner and Sizmann (76) 
2 .. 5 X 10 -2 6400 5.0 X 10-7 mild Eschbach et al. (64) 
steel 
3. 87 X 10 -4 1080 6. 26 X 10 -5 iron Bryan and Dodge (40) 
1. 7 X 10 -3 5060 3.4 X 10-7 mild Plusque11ec et al. (77) 
steel 
3. 65 X 10 -3 5350 4.0 X 10-7 ·iron Schwarz and Zitter (78) 
-4 1330 -5 iron Becket al. (41) 6. 0 X 10 6.25xl0 
6. 42 X 10-4 1920 2. 7 x ro-5 iron Heumann and Primas (192) 
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TABLE 2.B .. 
DIFFUSION COEFFICIENTS FOR HYDROGEN IN oC..-IRON AND MILD STEEL 
DRAWN FROM THE LITERATURE 
(Room temperature data) 
D Material Authors 
2 -) (em sec 
5 .. 5 to 11 x 10-5 iron Guntherschulze et al. 
8 X 10-6 iron Gtmtherschulze et al .. 
2 X 10-6 mild steel Schuetz and Robertson 
5 X 10-7 iron Baranowski et al. 
3 X 10-7 mild steel Pa1czewska and Ratajczyk 
2 X 10-6 mild steel Palczewska and Ratajczyk 
L4 X 10 -8 iron A1ildn 
2 .. 9 X 10-6 iron Veysseyre, Azou and Bastien 
8.3 X 10-S iron Devanathan and Stachurski 
2.3 X 10-7 mild steel Davis 
2 .. 0 X 10-7 iron Kuznietsov and Subbotina 
2.1 X 10 -8 iron Shebalenko et al. 
Ref .. 
(8) 
(8) 
(79) 
(80) 
(69) 
(69) 
(81) 
(67) 
(87) 
(82) 
(83) 
(84) 
TABLE 3 
PERMEATION DATA FOR «-.-IRON AND MILD STEEL DRAWN FROM 
THE LITERATURE 
Method of Temp. Material 
Investigation l}fBge 
electrolytic 20-80 iron 
electrolytic 30-90 iron 
gas phase 126-693 iron 
gas phase 150-230 mild 
steel 
gas phase 250-600 iron 
gas phase iron 
gas phase 
(with catalyst) iron 
gas phase 350-800 iron 
gas phase 
(with activator) 350-800 iron 
. . _,. _. - .. .. . . - . . .... 
3 2 -1 
em em sec 
p Qp Source 0 
-1.67 X 10 -1 6,740 Barrer 
1. 3 X 10 -2 ·s, 850 Raczynski 
2. 27 X 10 -2 ' 8,120 Bryan and Dodge 
10,800 Eschbach et al. 
8,540 Wagner and Sizmann 
6,700 Zolkowski 
4,600 Zolkowski 
5. 6 X 10 -1 10,260 Heinrich et al. 
7,900 Heinrich et al. 
25L 
Ref. 
(62) 
(75) 
(40) 
(64) 
(76) 
(110) 
(110) 
(111) 
(111) 
s 
0 
69.2 
42o7 
27.8 
72.1 
28.4 
3L5 
s 
0 
6.05 
3.74 
2.43 
6. 31 
2.48 
2.76 
ｑｾ＠
6,700 
6,500 
5,800 
7,050 
5,400 
6,250 
·TABLE 4A 
SOLUBILITY DATA FOR ol..-IRON AND MILD STEEL 
DRAWN FROM THE LITERATURE 
(at external pressure of 1 atmosphere) 
S = S exp (- Q /RT) [p. p.m. (wt).J 
0 s - -
82s0 c Material Source 
0.0009 iron Axmbruster 
0.0007 iron Geller and Sun 
o. 0016 iron Eichenauer et al. 
0.0005 iron Bryan and Dodge 
0 .. 0032 mild steel Eschbach et al. 
0.0008 iron Schrader and Paranjpe 
TABLE 4B 
S = S exp ( - Q /RT) 
0 s ｛ｾｭ＠ 3H:/ em 3Fej 
-""·--·---·-· 
Qs 825°C Material Source 
6,700 0.77x10 -4 iron Armbruster 
6,500 0.67 X 10 -4 iron Geller and Sun 
5,800 lo 35 X 10 -4 iron Eichenauer et al. 
7,050 0.43 X 10 -4 iron Bryan and Dodge 
5,400 2. 8 X 10 -4 mild steel Eschbach et al.. 
6,250 0. 73 X 10 -4 iron Schrader and Paranjpe 
252 
Ref. 
(1.32) 
(4) 
(73) 
(40) 
(64) 
(133) 
Ref. 
(132) 
(4) 
(73) 
(40) 
. (64) 
. (133) 
TABLE 5 
ANALYSIS OF THE HIGH PURITY IRON (J. M) 
Element p. p.m. (wt) 
Carbon 25 
Silicon 7 
Manganese 5 
Aluminium 2 
Magnesium 2 
Nickel 1 
Copper (1 
Silver <I 
Oxygen 64 
Nitrogen 42 
other elements were either absent or below 
the limit of detection. 
253. 
Element 
TABLE 6 
TYPICAL ANALYSIS OF .l ISRA HIGH PURITY IRON 
(Vacuum Refined Swedish Iron) 
CHEMICAL OR OPTICAL SPECTROGRAPH RESULTS 
A. Swedish Iron Base 
wt.% 
B. Vacuum Refined Iron 
wt.% 
-..... ···----···------
254 
----------------·-·· 
Carbon 
Sulphur 
Phosphorus 
Silicon 
Tungsten 
Niobium 
Tin 
Chromium 
Cobalt 
Nickel 
Titanium 
Copper 
Vanadium 
Aluminium 
Manganese 
Beryllium 
Zinc 
Bismuth 
Lead 
Calcium 
Magnesium 
Zirconium 
Boron 
Molybdenum 
Oxygen 
Nitrogen 
AHN 20 V810 
0.012 
o. 010 
0.001 
0.004 
<o. 05 
(..0.05 
(0.01 
0.0082 
0. 014 
0. 0021 
0,0002 
0.0037 
0.0033 
0.0003 
0.0059 
<0.0002 
.(0.0002 
.c(O. 0002 
0 .. 0007 
0.0002 
<::0.0002 
<0.0002 
<O. 0015 
(0.01 
0.15 
0.0025 
c o. 0055 c o. 004 
0 o. 0035 s o. 0085 
Other as for B. above 0 0. 007 
Other as B. above 
V1483 
c 0.10 
Other as for B. 
above 
o. 0019 
0.005 
0.001 
0.002 
<0.05 
<0.05 
-<_04101 
0.0026 
0.0035 
0.0024 
<o. ooo2 
o. 0021 
<o. ooo2 
0.0002 
0. 001 
<:O. 0002 
<0.0002 
<0.0002 
<:0.0002 
<0.0002 
<o.ooo2 
(.0.0002 
<O. 0015 
<O.Ol 
0.003 
0.001 
S492 
c 0.25 
Other as for A. above 
TABLE 7 
HIGH TEMPERATURE RESULTS 
Temperature 
oc 
130 
130 
135 
155 
160 
195 
-2 D = 1.1 x 10 exp -3610 RT 
D X 10-5 
2 -1 
em sec 
L90 
1. 80 
L85 
3.05 
2.80 
4.00 
2 -1 
em sec 
255. 
I 
Conditions of 
Electrolysis 
1. 7 rnA/em 2 
2. 2 volts 
TABLE 8 
VARIATION OF DIFFUSION COEFFICIENTS AND DIMENSIONS 
OF THE EFFECTIVE BARRIER WITH MEMBRANE THICKNESS 
(Pd. plated membranes) 
-5 2 -1 D x 10 em sec Effective 
Barrier 
256. 
membrane 
thickness 
d (em) fast slow Ll d (em Fe) 
0.0265 1. 67 0.17 0.057 
1. 95 mA/cm 2 
' 2. 25 volts 0.0265 L95 0.20 0.055 
3.7 mA/cm 2 0.0265 2.6 0.22 0.065 2. 3 volts 
8.3 mA/cm 2 0.0438 1. 98 0.34 0.055 2.42 volts 
26 mA/cm 2 0.0438 1. 88 0.24 0.0835 2. 52 volts 
61 mA/cm 2 0.10 1. 99 0.37 o. 13 2. 85 volts 
2 
mA/cm 
7.0 
8.0 
12.0 
22.0 
23.0 
30.0 
TABLE 9 
VARIATION OF DIFFUSION COEFFICIENTS AND DIMENSIONS 
OF THE EFFECTIVE BARRIER WITH MEMBRANE THICKNESS 
Membrane 
Thickness . 
d (em) 
0.023 
0.023 
0.023 
0.023 
0.095 
0. 095 
0.095 
o. 095 
0. 095 
o. 095 
(bare iron) 
-5 
Dfast x 10 
2 -1 (em sec ) 
1.5 
1.9 
2.0 
2.5 
3.5 
4.0 
5.2 
5.7 
5.6 
5.5 
D 1 X 10 sow 
2 -1 (em sec ) 
0.16 
0.28 
0.37 
0.25 
2.8 
2.0 
3.3 
3.4 
4.9 
4.3 
-6 
257. 
Effective 
Barrier 
.1 d (em Fe) 
0.20 
0.25 
0.23 
0.32 
0.24 
0.33 
0.28 
0.38 
0.32 
0.34 
c.!d • 
..L ... : 
mA/cm 2 
2.0 
3.5 
6.9 
18,5 
21.5 
35.0 
66.0 
80.0 
100 
118 
140 
8.0 
9.5 
46.0 
TABLE 10 
EXPERIMENTAL DATA (see FIG.18 and FIG.19) 
0 (A) pure M/3 H2SO4 at 25 C 
thiclmess = 0. 10 em. 
D X 10-5 
2, 
-1 
cm.sec 
1. 86 
3.4 
4.6 
5.2 
5.7 
5.5 
4.7 
3.45 
2.78 
2.63 
2.50 
P X 10-G 
3 
-2 
em em sec 
0.2 
0.44 
0.57 
1. 25 
0.95 
3.0 
4.1 
2.4 
1.3 
2.0 
1.2 
0.92 
0.95 
4.50 
258 
-1 
259 
TABLE 10 (continued) 
thickness = 0.10 em .. 
c. d. D X 10-5 p X 10-5 
mA/cm 2 2 -1 3 -2 -1 em sec c1n em sec 
10" 0 3.0 1" 9 
19.2 4.4 4"1 
28 .. 0 5.6 
41 .. 5 5.3 3 .. 95 
64 .. 5 5.1 3.4 
134.5 4.1 2.3 
184.5 2.3 2 .. 5 
200 2.0 
(A) Corrosion 
. time-lag 
sec 
39.5 
39.0 
39.8 
TABLE 11 
M/3 H2So4 + -10-4 Molar thiourea, at 25° C. 
thiclmess = 0. 10 em. 
(B) Anodic Treatment 
D X 10-5 time-lag 
2 -1 
em sec sec 
4. 21 50 
4.27 57 
4.20 74 
74 
68 
67 
D X 10-5 
2 -1 
em sec 
3.33 
2.92 
2.25 
2 .. 25 
2.45 
2.50 
260. 
v 
0 
volts 
1.2 
1.4 
1.4 
1.4 
1. 3 
1.3 
1.4 
1 .. 3 
1. 0 
1. 4 
1. 6 
TABLE 12 
ANODIC POLARISATION OF PURE IRON 
M/3 H2SO4 + 10-4 Molar thiourea, at 25° C 
Initial Conditions Final Conditions 
v 
equil. 
volts 
I. 4 
1.6 
1. 6 
1. 5 
1. 6 
1.56 
1. 6 
1.4 
1. 2 
1. 8 
1. 9 
c. d. 
mA/cm 
205 
227 
227 
230 
229 
227 
229 
228 
188 
247 
260 
2 
v 
max 
volts 
3.36 
3.60 
3.60 
3.60 
3.60 
3.60 
3.60 
3.60 
3.20 
3.72 
3.74 
v 
equil. 
volts 
3.30 
3.40 
3.44 
3.42 
3.48 
3 .. 42 
3.46 
3.36 
3.14 
3.60 
3.65 
c.d. 
mA/cm 
197 
221 
222 
222 
220 
220 
220 
219 
180 
248 
253 
2 
Incubation time for 
oxygen bubbles 
formation 
sec. 
232 
165 
126 
150 
124 
140 
124 
122 
236 
113 
107 
--
Membrane 
thickness 
d em 
0.076 
o. 012 
0.02 
0.042 
0.078 
0.12 
0.16 
0.1 
0.0254 
0.077 
o. 017 
262. 
TABLE 13 
COMPARISON OF THE APPARENT AND RECALCULATED 
DIFFUSION COEFFICIENTS OBTAINED WITH MEMBRANES 
OF DIFFERENT THICKNESS 
Apparent D Real D 
2 
-1 2 -1 Material Source 
em sec em sec 
5. 0 X 10 -6 6. 6 X 10 -5 mild steel Frank, Swets 
& Fry 
-8 -6 1.4 X 10 6. 8 X 10 
mild steel Ali kin 
-7 -5 3. 8 X 10 6. 9 X 10 
2. 0 X 10 -6 7. 3 X 10 -5 
-6 -5 
mild steel Palczewska & 3.4 X 10 4. 3 X 10 Ratajczyk 
-6 -5 3.1 X 10 2. 2 X 10 
2 X 10-6 1. 6 X 10 -5 mild steel Schuetz & 
Robertson 
Ref. 
(70) 
(81) 
(69) 
(79) 
2. 8 X 10 -6 3. 5 X 10 -5 mild steel Veysseyre, Azou (67) 
& Bastien 
2. 3 X 10 -7 2. 7 X 10 -5 mild steel Davis (82) 
8. 3 X 10 -5 iron Devanathan & (87) 
Stachurski 
2 X 10-7 4. 9 X 10 -5 iron Kuznietsov & .. (83) 
Subbotina 
c. d. 
2 
mA/cm 
0.,66 
1. 32 
2.64 
5.29 
11.0 
19.8 
39.7 
79.4 
161.0 
E 
Material: 
Solution: 
Temperature: 
thiclmess, d : 
S.,H. E. 
volts 
- o. 330 
- 0. 355 
- 0., 378 
- 0.400 
- 0.422 
- 0.443 
- 0.470 
- o. 498 
- 0. 535 
i = 3. 0 mA/em2 
eorr. 
TABLE 14 
V810 (BISRA) 
M/2 H2so4 
25°C 
0. 093 em 
D X 10-S 
2 -1 
em sec 
4.15 
4.68 
5.59 
5.98 
6.64 
7.40 
7.87 
9.24 
9.80 
p X 10-6 
3 -2 -1 
em em sec 
0.24 
0.42 
0.83 
L68 
3.24 
4.52 
5.70 
6.11 
5. 95 
P = 3. 9 X 10-7 
corr. 
263. 
C X 10-3 
0 3 3 
em H/cm Fe 
0.54 
0 .. 84 
1. 38 
2. 61 
4.54 
5.67 
6 .. 74 
6.11 
5.65 
3 -2 -1 
em em sec 
c. d. 
mA/cm 
2 
0.66 
1. 32 
1.40 
2.20 
2.64 
4.41 
8.82 
17 .. 62 
35.2 
66.0 
132.0 
180.0 
264.0 
Material: 
Solution: 
Temperature: 
thickness, d : 
E S. H. E. 
volts 
- o. 325 
- 0. 337 
- 0. 840 
- o. 361 
- o. 370 
- o. 386 
- 0.408 
- 0.431 
- 0.455 
- 0.475 
- 0.5'05 
- o. 528 
- 0. 562 
2 i = 2.8 mA/cm 
corr. 
TABLE 15 
D X 10-5 
2 -1 
em sec 
3.80 
4.15 
4.25 
5.15 
5.50 
6.18 
7.05 
7.75 
8.85 
9.30 
9.90 
10.05 
10.4 
V810 (BISRA) 
M/3 H2so4 
25°C 
o. o9o em. 
p X 10-6 
3 -2 
em em 
0.17 
0.23 
0.25 
0.45 
0.57 
0.88 
1 .. 69 
3.22 
4 .. 30 
5.10 
5.80 
6.40 
6.50 
-1 
sec 
p = 2.4 X 10 -7 
corr. 
c X 10-3 
0 
0 .. 40 
0.50 
0.53 . 
0.79 
0.93 
1. 28 
2.16 
3.86 
4 .. 38 
4.95 
5 .. 30 
5 .. 75 
5.65 
3 -2 -1 
em em sec 
264. 
c. d. 
2 
mA/cm 
0 .. 66 
1. 32 
2.64 
4 .. 41 
8.82 
17 0 64 
35.20 
E 
Material: 
Solution: 
Temperature: 
thickness, d : 
S.H .. E. 
volts 
- o. 360 
- o. 385 
- 0 .. 411 
- 0.425 
- 0.450 
- 0.475 
- o. 508 
i = 1.1 mA/cm2 
corr. 
TABLE 16 
D X 10-5 
2 -1 
em sec 
3.86 
4.46 
5.27 
5. 94 
6.96 
7.63 
8.88 
V810 (BISRA) 
M/4 H2so4 
25°C 
0 .. 093 em. 
P X 10-6 
3 -2 -1 
em em sec 
0.16 
o. 31 
0.64 
1.14 
2.32 
4.30 
5.93 
265. 
C X 10-3 
0 3 3 
em H/cm Fe 
0.385 
0.65 
1.13 
1.79 
3 .. 10 
5o24 
6 .. 22 
-7 3 -2 -1 P = 0. 93 x 10 em em sec 
corr. 
0.66 
1. 32 
'2. 89 
5.29 
11.00 
19.6 
39.7 
79.4 
TABLE 17 
Material: 
Solution: 
Temperature: 
thickness, d : 
E 
S. H. E. 
volts 
- o. 378 
- 0.403 
- 0.424 
- o. 449 
- o. 469 
- o. 479 
- o. 493 
- o. 516 
D X 10-5 
2 -1 
em sec 
3.90 
4.48 
4.99 
5.13 
5.40 
6.80 
7.67 
8.69 
i = 0. 8 mA/cm2 
corr. 
V810 (BISRA) 
M/5 
25°C 
0. 093 em. 
P X 10-6 
3 -2 -1 
em em sec 
0 .. 185 
0. 41 
0.92 
1. 75 
3. 21 
4.25 
4. 95 
5.80 
266. 
C X 10-3 
0 3 3 
em H/cm Fe 
0.44 
0.85 
1. 72 
3.17 
5.53 
5.80 
6.00 
6.20 
-7 3 -2 -1 P = 0. 58 x 10 em em sec 
corr. 
Co d. 
2 
mA/em 
0.93 
1.32 
2.20 
4.40 
8.82 
17.64 
35.30 
66.1 
132.0 
i 
corr. 
TABLE 18 
Material: 
Solution: 
Temperature: 
thiclmess, d: 
E S. H. E., 
D X 10-S 
2 -1 
volts em sec 
- o. 310 3.86 
- 0. 327 
.. o. 350 4.94 
- o. 380 5.93 
- 0. 406 6.44 
- o. 433 6. 61 
- o. 473 7.55 
- o. 503 B. 30 
- o. 543 8.96 
V810 (BISRA) 
M/3 H2So4 
l9°C 
0. 093 em. 
P X 10-6 
3 -2 -1 
em em sec 
0.08 
0.14 
0.26 
0.62 
1.42 
3.00 
4.44 
5.29 
5.60 
P = 1. 56 X 10 
corr. 
-7 
267. 
C X 10-3 
0 3 3 
em H/cm Fe 
o. 19 
0.49 
o. 97 
2 .. 05 
4.22 
5.42 
5.93 
5., 95 
3 -2 -1 
em em sec 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾﾷｾ ﾷﾷ ﾷｾ ﾷﾷ ｾ ﾷ ﾷ ﾷ ﾷ ｾ ﾷ ﾷﾷﾷｾｾ ﾷ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
·- - -· ·- ··----------------
c. d. 
mA/cm 2 
0.66 
0.88 
1. 32 
2.64 
4. 41 
8.82 
17 0 64 
35.2 
66.0 
132.0 
264.0 
i = 
corr. 
TABLE 19· 
Material: 
Solution: 
Temperature: 
thickness, d: 
E D X 10-5 S .. H. E. 2 
volts em sec 
- o. 310 4.86 
- 0.330 4.80 
- 0. 358 4.92 
- o. 365 5. 51 
- 0. 385 6.36 
- 0.407 7. 41 
- 0. 430 7.58 
- 0. 450 8.33 
- 0. 463 9.20 
- o. 510 10.20 
- 0. 555 9.80 
3.2 mA/cm 2 
ＭｾＭＭＭＭ
-1 
V810 (BISRA) 
M/3 H2so4 
30°C 
0. 093 em. 
P X 10-6 
3 -2 
em em 
0.12 
0.17 
0.46 
0.58 
1. 03 
2.02 
3.55 
4.60 
5.10 
6.10 
6 .. 0 
268. 
c X 10-3 
-1 0 3 3 
sec em H/cm Fe 
0.23 
0.33 
0.87 
0.98 
1. 50 
2.54 
4.36 
5.14 
5.16 
5.60 
5.7 
p -7 3 -2 = 3. 7 x 10 em em sec 
corr. 
-1 
269. 
TABLE 20 
c.d. 
mA/cm 
2 
Material: 
Solution: 
Temperature: 
thickness, d : 
E S .. H. E. 
volts 
D X 10-5 
2 -1 
em sec 
" ..... -----..,:10'11 .. _ .. ｾＢＬＮＮＮＮ＠ ............. __ ,.,."'., ...... , ....... ＭＭＭＭﾷｾ＠ ....... -Ｍ ｾ Ｍ ｾＭ ﾷＺ ﾷ Ｎ ｾｾＭＭ ﾷ ＭＭ｟ＬＬ＠ ____ 
0.66 
0 .. 66 
1o 32 
2.64 
4 .. 41 
8.82 
17.62 
35.2 
66.1 
132.0 
i 
corr. 
- o. 324 4.84 
- o. 325 4. 71 
- 0 .. 347 4.70 
- o. 366 5. 61 
- 0. 385 6 .. 41 
- 0.408 7.70 
- 0 .. 425 8 .. 53 
- 0.446 8.90 
- Oco468 10.30 
- 0.498 11.42 
= 3.8 mA/cm
2 
V810 (BISRA) 
M/3 H2so4 
35°C 
o. 093 cmo 
P X 10-6 
3 -2 
em em sec 
-1 
·--··-------
o. 21 
0.19 
0.48 
0 .. 73 
1. 09 
2.18 
3.72 
5.76 
7 0 21 
7.80 
·------·--.. ｾﾷＭＭＭＭ .. ---..... -
c X 10-3 
0 3 3 
em H/cm Fe 
0.41 
0.38 
0.95 
1. 21 
1. 58 
2.63 
4 .. 06 
6 .. 02 
6.52 
6.30 
-7 3 -2 -1 
P = 4. 5 x 10 em em sec 
corr. 
Material: 
Solution: 
Temperature: 
thickness, d : 
TABLE 21 
V810 (BISRA) 
M/3 H2So4 - Argon saturated 
25°C 
0. 093 em. 
270. 
ｾ＠ .. ＭＭＭＭＭＭＭＭｾｾＭｾｾｾ Ｍ ｶｾｾｾＮＬﾷＭ•Ｍ ﾷ ｾＭｾ Ｍ ＭｾｾｾｾＭＭＭＭﾷＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
c. d. 
2 
mA/cm 
E S. H. E. 
volts 
D X 10-5 
2 -1 
em sec 
P X 10-6 
3 -2 -1 
em em sec 
C X 10-3 
0 3 3 
em H/cm Fe 
ＭﾷｾｾＭＭﾷｾ］ｾｾｾＭＭｾﾷＭ ﾷ ＭｾｾＭﾷ••Ｍｯｮｾ ﾷ＠ ＭＭＭＭＭｾ Ｍ ｾＭＭＭＭＭＭＭ • ＢﾷＭＭＭｾＭﾷＭＭﾷＭＭＭﾷＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
0.66 - o .. 333 3.37 0.16 0.44 
0.66 - o. 335 3.34 0.16 0.45 
0.88 - o. 345 3.20 0.22 0.64 
1. 32 - o. 360 34108 0.35 1. 05 
2.64 - o. 386 4.26 0.67 1.47 
4. 41 - 0.403 4. 90 1.10 2.09 
8.82 - 0.431 5.20 2.12 3.80 
17.64 - 0. 455 5.84 3.54 5.64 
35.2 - 0.490 6.74 4.70 6.49 
66.0 - o. 553 7. 21 3.19 4.11 
132.0 - o. 573 7.92 1. 83 2.15 
N-· .,.a..:a&M_.,_ .. _ _ ＮＮＺＮ｡ＺＮＧＢＢＢＧＮＬＮＬＺｍＧ｟ＮＬＮＬＮ Ｌ ＬＮ ａＧＺ ｾＮＬＮＬＭＭＮＮＬ＠ ... _.,.., ·------·a.__.,_,....,_. __ ... ___ . _ _ _ ＮＬＮＭＭＧＢｾＭＭＭｾＺＺ｡ｲＮｴＮＮＮＮＮＮＮＮ｟＠
= 2. 5 rnA/em 
2 
-7 3 -2 -1 i p = 1. 3 X 10 em em sec 
corr. corr. 
ｾｾＭＭＭＭＭＭＭ ____ ＬＮＬＮＮ｟ＺＡＡＡｾｾＭ --· 
c. d. 
2 
mA/cm. 
0.66 
1. 32 
2.64 
4.41 
8.82 
17.64 
35.2 
66.1 
132.0 
264.0 
i = 3 m.A/cm 
corr. 
E 
Material: 
Solution: 
Temperature: 
thiclmess, d : 
S. H. E. 
volts 
0. 310 
0.325 
0.345 
0.365 
0.385 
0.410 
0.423 
0.450 
0.498 
0.554 
-2 
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TABLE 22 
D X 10-5 
Fe - 0.10% C alloy, Vl483 (BISRA) 
M/3 H2so4 
25°C 
0. 095 em. 
P X 10-6 C X 10-2 
2 -1 
em sec 
3 -2 -1 
em em sec 
0 3 3 
em H/cm Fe 
7,9 o. 61 0.77 
8.2 1. 07 1. 31 
9.3 1. 45 1. 56 
9.7 1. 85 1. 91 
9.8 2.50 2.55 
9.9 3.04 3.10 
10.0 3.64 3.64 
10.1 4.20 4.20 
10.6 4.95 4.67 
10.8 4. 71 4.36 
-3 3 -2 -1 P = 5. 9 x 10 em em sec 
corr. 
D 
0 
9. 2 X 10 -4 
3. 87 X 10 -4 
6. 0 X 10 -4 
6.42 X 10 -4 
4. 91 X 10 -4 
TABLE 23 
COMPARISON OF DIFFUSION CONSTANTS FOR 
PURE IRON 
Qca1/mo1e 
1300 
1080 
1830 
1920 
1450 
2 -1 D = D exp (- Q/RT) em sec 
0 
6. 26 X 10 -5 
6. 25 X 10 -5 
2. 7 X 10 -5 
4.17 X 10 -5 
Determin-
ation 
theor. 
theor. 
experim. 
experim. 
experim. 
experim. 
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Source Ref. 
Ferro (10) 
Becket al. (41) 
Bryan and Dodge (40) 
Becket al. (41) 
Heumann and Primas (192) 
present work 
